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PREFACE 



This book is designed to be used in either of two ways: 

1. As a Text-book. The work outlined would require 
two semester hours for its completion. By extending the 
discussions and problems, it may be made to cover three 
semester hours; or by omitting portions of the theory, 
the student may gain a working knowledge of the subject 
in a shorter time. A '* rule of thumb " knowledge of 
adjusting observations, however, is not to be recommended. 

2, As a Laboratory Guide. The work would cover a 
three years' course in the physical laboratory. During 
the first year, the student would make use of those portions 
which are devoted to methods of estimating precision, 
and the propagation of errors; in the second year the 
methods of adjustment of observations would be used; 
and in the third year the student should be prepared to 
discuss his results by the use of empirical formulae and 
curves. The work of the second year is well adapted to 
students in junior courses in engineering, the adjustment 
of data obtained from surveys being especially appropriate. 

••« 
HI 



iv PREFACE 

The use of the graphic method would be illustrated through- 
out the entire course. 

Considerable space is devoted to the theory of prob- 
ability. This subject is a fascinating one to students, 
presumably on account of its human interest. 

J. S. S. 
Univbbsitt of Maine, Obono, Mb., 

Januofy^ 1916, 
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NOTATION 



Tlio following notation will be used in this books 

y » Simple probability; 
P —Compound probability; 
Q = Negative probability; 
m = Single observation; 
ilf s=Mean of observations; 
2 B True value of a component observation; 
Z»The resultant true value; 
a « Error; 
v— Residual; 
h = Measure of precision; 
fc= Probability of error zero; 
rs= Probable error of a single observation; 
fo= Probable error of the mean; 
5= Error in a component measurement; 
AsError in a result; 
a^. » Average deviation of a single observation; 
il J). >■ Average deviation of the mean; 
p» Weight (Latin pandua); 

^»Huge error* 
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THEORY OF MEASUREMENTS 



CHAPTER I 
INTRODUCrriON 

LoBD Eblvin has told us that one's knowledge of 
science begms when he can measure what he is speaking 
about and express it in numbers. Every year a vast num- 
ber of measurements are made in physical, chemical, and 
engineering laboratories, as well as in laboratories for 
advanced research. We are unable, however, to state 
concerning any one of these measurements that the result 
is absolutely correct. One of the most precise measure- 
ments in physical science is that of the wave-length of 
light. The wave-length of cadmium light, measured by 
a Michelson interferometer and a Rowland grating, was 
found to be 

Xc= 0.000064384722 cm. (Michelson) 
Xc= 0.00006438680 cm. (Rowland). 

Or we may put it in another way, 

1 meter contains 1553163.6 wave-lengths (Michelson), 
1 meter contains 1553164.1 wave-lengths (Fabry and 
Perot). 



2 



THEORY OF MEASUREMENTS 



These measurements were made by different observera 
using different methods. They are remarkable for their 
agreement and they give us the wave-length of light with 
eufficient accuracy for all purposes. But they are not 
correct, and it is not at all likely that we shall ever know 
the true length of a wave of cadmium light. 

It is of great importance, however, that we should be 
able to pass judgment upon the accuracy of measurements 
like these. To borrow another illustration from the domain 
of optics, we may assume the value for the velocity of light 
to be 299S60±30 km. per second. Here the number 30 
ia a measure of precision, which, if omitted, would make 
the statement ridiculous, since the velocity of light has 
not been measured with sufficient accuracy to be regarded 
as correct to a single kilometer. 

A student who brings in a value for g, resulting from 
measurements with a simple pendulum, of 982.436 centi- 
meters per second per second, is likely to look upon the 
result with complacency until he is made to see that all 
figures after the S are useless because erroneous. 



MEASUREMENTS 
Measurements are usually classified as follows: 

1. Direct— when, for example, a distance is measured 
with a tape fine, 

2. bidirect — when, for example, the density of a cyfin- 
der is determined by measurements of its length, diameter, 
and mass. 

3. Conditioned — when, for example, the third angle of 
a triangle is restricted by the values of the other two angles. 

Measurements not so conditioned are called independeTit. 
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ERRORS 

Errors in measurement may be divided into two general 
classes: 

1. Those which may be eliminated, in part at least, 
by improving adjustments and taking greater care in the 
method employed. 

These include errors in instruments^ such, tor example, 
as are caused by faulty measuring sticks, imperfectly 
graduated circles, and poorly adjusted balance beams. 
The obvious method of correcting these errors is to sub- 
stitute good instruments for poor ones; or, when possible, 
to ehminate the errors by compensation. 

Personal Errors. These are errors characteristic of 
the individual observer. If we swing a pendulum before 
a class of students and ask them to indicate the times 
of greatest displacement by tapping with their pencils, 
the result will welt illustrate the personal equation. In 
the experiment in wireless telegraphy by which time 
messages were sent from Paris to Arlington, each observer 
was carefully rated in order that this error should be 
guarded against. 

Mistakes are, unfortunately, too common in students' 
laboratory work to call for an extended explanation. 
Errors in reading scales, in computation, and in tabulation 
may be classed as mistakes, and these should become 
less and less frequent as the student gains experience. 

2, The second class consists of errors which are inde- 
terminate in their nature, and may not be entirely elimi- 
nated, however much care we may take in our measure- 
ments, or by the use of the highest grade of apparatus. 
It is these errors with which we are concerned in the dis- 
cussions in this book. 
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PROBABILITY 

Frofbsbob Jevons in his Principles of ScieVfCe states 
a truism which has an important bearing upon the theory 
of probability, " Perfect knowledge alone can give cer- 
tainty, and in Nature perfect knowledge would be infinite 
knowledge, which is clearly beyond our capacities. We 
have, therefore, to content ourselves with partial knowl- 
edge—knowledge mingled with ignorance producing doubt." 

We may interpret this to mean that from the point 
of view of Omniscience everj'thing exists as certainty. 
The path of a leaf falling from a tree, as well as that of a 
mote dancing in a sunbeam is known with as great a cer- 
tainty as that of a heav>' body dropped to the earth. For 
finite minds, however, where certainty is impossible, the 
ability to pass upon the probability that an event will 
happen in a certain way is the best substitute attainable. 

What is highly probable in minds of a certain order 
of intelligence, may be improbable to others. To a trained 
meteorological observer, it may appear extremely prob- 
able that it will rain to-morrow; to one who bases bis 
weather predictions upon popular superstition, it may 
be improbable. Again it may seem probable to certain 
people that spirit hands produced music at a stance, 
while to others the probability becomes negative. 
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PROBABILITY 5 

We may look at the subject in another way. When a 
championship game of baseball has been finished, the result 
becomes a certainty in the minds of the spectators; while 
in various parts of the country, where the result has not 
as yet been reported, bets continue to be made expressing 
the probability of what to other minds is a certainty. 

If a coin is tossed up under normal conditions, the 
probability that it will fall " heads " is one out of two, 
or one-half. This is also the probability that it will fall 
" tails." We have, then, from our notation, y=i, or, since 
we shall deal with more than one event, P=i and = ^. 
Since the coin must fall in one way or the other, we have 

P+Q==l (the symbol for certainty). 

If n coins are thrown, we have, by the binomial theorem 

The first term expresses the probability that all will 
come down heads, the second that all but one will come 
down heads, etc. 

If we take n=6, the chances that all will be heads 
may be expressed by the fraction ^, and that five will 
be heads by ^. 

PROBLEMS 

1. By expanding the binomial to the proper number 
of terms, show that the chances for four, three, two, one, 
and no heads may be expressed by 4f , |^, ^f , -^y and ^. 
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2, By using an additional term prove that it is irapoaaible 
to throw seven heads with six coins. 

3, Plot a curve with the data obtained, and preserve 
it for future use. 

4, If the class is sufBciently large (say 20) it will prove 
an interesting exercise to take the mean results of 64 trials 
by each student and compare with the results obtained by 
theory. 

A better acquaintance with the laws of probability 
may be obtained by putting aside the formula and solving 
the following problems by an appeal to reason. ^J 

PROBLEMS I 

1. If two dice are thrown what is the probability that 
the sum of the numbers will be five? We first determine 
the possible results with two dice, which may be obtained 
by considering that each number on one die may appear 
with each number on the other. This gives us GX6 = 36. 
Five may be obtained either by a four and a one, or a two 
and a three. Now the four may be on the first die and the 
one on the second, or the one may be on the first and the 
four on the second. The same is true for the two and 
three. Thus we have four possibilities, giving a prob- 
ability of ^. 

2. What is the probability of throwing one ace with 
a single die in one throw? 

3. What is the probability of throwing no ace with a 
single die in one throw? 

4. What is the probability of throwing one ace in two 
trials? 
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5. What is the probability of throwing two acea in two 
trials? 

6. What is the probability of throwing no ace in two 
trials? 

7. What ia the probability of throwing only one ace 
in two trials? 

8. A bag contains eight red, six black, and five green 
balls. What ia the probabihty of drawing first a red and 
then a black ball in two trials? 

9. The class record shows that each student in a class of 
twenty-five usually solves one problem out of three assigned. 
What is the probability that an assigned problem will 
be solved? 

10. In Merriman's Least Squares we have this problem: 
Let a hundred coins be thrown up each second by each 
of the inhabitants of the earth. How often will a hundred 
heads be thrown in a milhon years? (It will prove inter- 
esting for the student to guess the answer to this problem 
before solving it. The number of inhabitants may be 
taken as one and one-half bilhon.) 



Before leaving the subject of probabihty a few general 
considerations may be suggested. It is a rather prevalent 

notion that antecedent happenings have an effect upon 
present probability. If a coin has come down heads five 
times in succession, it is pretty difiicult to convince the 
average man that the chances for tails on the sixth throw 
are not greater than the chances for heads. Of course, 
if the conditions are normal, the probability of throwing 
heads is just one-half. (The derivation of the word chance 
is an interesting one.) Such expressions as " the turning 
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of luck " indicate the strong bold this feeling has upon 
the majority of people. 

Again, we should not become over-confident from the 
results of the laws of probability. Interesting applica- 
tions may be found in connection with the periodic law 
of Mendele^ff; the law of Prout, which states that the 
atomic weights of the other elements are exact multiples 
of that of hydrogen; and the kinetic theory of gaaea as 
developed by Clausius and Mayer. A case in which the 
probability almost becomes a certainty is illustrated by 
the- coincidence of the seventy spectral lines in iron vapor 
with those in solar light. The possible arrangement of the 
seventy lines would be 

70xfi9x68X . . . 4X3X2X1. 

But as all possible arrangements would not apply, the 
probability of a chance coincidence has been estimated by 
Kircbhoff as one in one trillion. Do we know that iron 
exists in the sun? 

The following illustration may serve to weaken our 
feeling of certainty: Imagine a fly watching two coin- 
cidence pendulums which come together on the eighty- 
first swing. While we are about it, let us ima^ne that in 
the mind of a fly, one second represents a year. The 
fly will watch the vibrations for ten seconds (years) and 
report to another fly which has just come up, that quite 
an extended series of observations fails to discover the two 
pendulums in coincidence. The pendulums are watched 
through fifty, sixty, and seventy swings and it becomes a 
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law in fiyland that pendulums do not get together. When 
the law has become established by observations extending 
over eighty fiy-years, the bell rings and the assumption 
based upon a very reasonable law of probability breaks 
down. 

The Probability Curve. Referring to problem 3, page 
6, it will be seen that the curve takes the form indicated 
in Fig. 1. 

Any similar data from experiments which follow the 
laws of probability would yield such a curve as this. 




Fig. 1. 

A familiar illustration is afforded by target practice. 
If the target is marked off into divisions, the distances of 
these divisions from the center may be taken to represent 
the magnitude of the errors. If a series of shots be fired 
by expert marksmen under normal conditions, they will 
form the basis for a curve which will resemble Fig. 1. 

Since the errors are plotted along the x-axis and their 
corresponding probabilities along the ^-axis; and since 
the curve is seen to be symmetrical with respect to the 
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y-axis, and the x-axis is an asymtote, it will be seen that its 
equation must take some such form as 

A rigid deduction of this probability equation has been 
given by Gauss. 

Let X represent an error and y its probability. Then 

yi=/(iCl), y2=/(X2), . . . yn=f(Xn). ... (1) 

For compound probability 

P = 2/lt/2 . . . t/n =/(Xi)/(X2) . . . f(Xn); . . (2) 
l0gP = l0g/(Xi)+l0g/(X2)+ . . . I0g/(X„). 

Let us suppose that n observations are taken on the quan- 
tities 2i, and 22. The most probable values of these quan- 
tities will make P maximum, 

dP __ df{Xl) ^ df{X2) J _ dfjxn) ^Q ^ ^ ^3^ 



Pdzi f(x\)dzi f{x2)dz\ ' ' f(xn)dzi 

dP ^ dfjXi) df(X2) dfjXn) ^Q 

PdZ2 f(Xi)dZ2 f{X2)dZ2 * ' ' f(Xu)dZ2 



(4) 



We have 



df{xi)^<l>(xi)f(xi)dxi' 

df(X2) = 4>{X2)f{X2)dX2 
df{Xn) ^ ft>{Xn)f{Xn)dXn . 



(5) 
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By differentiating log /(xi) with respect to xi, we have 

^^=«(a:i). Or df{zi) ^ <l>{xi) f{xi)dxi. 

Substituting (5) in (3) and (4), we have 

*(xx)g+*fe)|f+ . . . .^(x.)^=0 . . (6) 

The equations may be simplified as follows: Consider 
that z has been measured n times, giving mi, m2, . . . m« 
as results. Then 

Zi^nii'^xi 

Z\ — m2=X2 



Zi—rrin^Xn 
Since mi, m2, and rrin are constants, we have 

^-1. ^-1. ^-1. (Q\ 

dzr^' dzr^' dzi"^' . . . . W 

and similar results follow for dz2. 

This greatly simplifies Eqs. (6) and (7) and produces 

«(xi)+«(x2)+ . . . *(a:«)=0. ... (9) 
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Errors and Residuals 

We muBt now make a brief digression in order to illus- 
trate the difference between errors and residuals. Take 
the following raeaaurements, of equal weight: 

mi =430.6 
ma = 429.9 
m3 =431.1 
1714 = 430.8 

By universal custom the mean of these results, 430,^ 
is taken as the best attainable value. (Later a matho^V 
matical proof of this will be given.) 

The differences between the measurements and the 
mean are called residuals, and are as follows: 

Dl = 0.0 
r3=-0.7 
U3 = +0.5 
V4 = +0,2 



The algebraic sum of the residuals always equals zero, 
and this may serve as a check upon the work. Now if we 
had some way of knowing that 430.6 was the correct result, 
we would transform those residuals into errors and desig- 
nate them by ii, X2, is, and xt. 

A residual, then, is the difference between a measure- 
ment and the best attainable result; an error Is the dif- 
ference between a measurement and the true result. 
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It is obvious, first, that we cannot determine the values 
of the errors; and secondly, that the sum of the errors 
will approach the sum of the residuals as we increase the 
number of measurements. 

Going back to Eq. (9), we may assume that n is suf- 
ficiently large so that we can apply the above law. Then, 
since the sum of the residuals is always zero, one may 
take the sum of the errors to be zero, and write 

From this it follows that <^ is a constant, which we may 
call c. 

If we substitute the values of 0(xi), ^(0:2), and <l>{Xn) 
for (6) in (9), we obtain 

f(Xl)dXi'^f(X2)dXi'^ ' • • f(Xn)dxr'^''^'^^'^ . . .CXn. 

Since this holds for any number of observations, the 
corresponding terms are equal. Omitting subscripts we 
have in general 

dfjx) _^ 
f(jx)dx 

Substitute values from (1) and integrate. We have 

log2/=-y+A', 
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c is negative (why?) and may be replaced for the sake of 
convenience by —2h^. We may also replace e** by k. 
Then y=ke~'^'*, which is the equation of the probability 
curve. It is similar in form to the equation suggested to 
express the cmre in Fig. 1. 

This is the most important equation in the theory of 
precision of measurements and its meanii^ should be 
clearly understood, 

PROBLEMS 

1. Show from the curve that positive and negative 
errors are equally likely to occur, 

2. Show that k represents the probability of the error 



3. Ebcplain why h is called the measure of precision. 

4. Show that the curve is horizontal over the origin. 
6. Show that a point of inflection occurs when 



THE PRtJBABILITY INTEGRAL 



i 



In order to express the probability that a certain group 
of errors will be made we integrate between the limits 
concerned. As this involves compound probability, we 
have 



<"iC' 



-^"•dx. 




For certiunty P = l and the limits become + oo and — as . 
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This is a well-known integral and is discussed in various 
treatises on the calculus. It equals -r— , and therefore 

ky/v J hdx 
^^ dxh' Vt' 

and the probability equation becomes 
For compound probability 






*•*•(&, 



The probability that an error lies between +a; and — x 
is double the probability that it lies between x and 0. We 
have 






*'*'dx. 



This may take the form 



^-^i^^-"^^^^^' 



This is the usual form of the probability integral, h may 
be determined in a manner to be explained later; then by 
use of a table the probability of any desired magnitude 
may be obtained. The student is referred to any of the 
larger text-books on Lea^i Squares for illustrations. 
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EXERCISES 

In order to become familiar with the terms h and Ifcfl 
the following curves should be plotted: 

1. Consider k constant. Give k the values 1, 2, 3, 4. ] 
Plot a curve for each value. 

2. Consider k constant. Give h the values \, J, 1, 2. 1 
In each case select a series of rather small uumbc 

for X and use the formula 



3. If time permits, a set of curves should be con- 
Btructed in which both h and k are variables, x and y I 
having constant values. 



The Term "Least Squares " 



If we take the product of a number of single probabili- 
ties, we obtain 



P=yiy2 . 



= fc"e 



y 



An inspection of this equation shows us that the probabil- 
ity is greatest when the expression in the parenthesis is least. 
But these numbers are the squares of the errors (residuals, 

i 12). It follows that the most probable values I 
of observed quantities are those which make the sum of 
the squares of the residuals the least. From this law ia 
derived the term Least Squares. 
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THE ARITHMETICAL MEAN 

We are now prepared to prove that in a set of observa- 
tions, the arithmetical mean has the greatest probability. 

Let M be the mean of observations mi, m2 . . . m«. 
Then 

JIf — mi, Jf — m2 . . . Af — m« are residuals. 

We may make the smn of their squares a minimum. 

~[(Jlf-mi)2+(Jlf-m2)^+ . . . (Jlf-m„)2]=0. 



dM 



2(Jlf-mi)+2(Jlf-m2)+ . . . 2(Jlf-m») = 0. 



M—— — '-^-^ — , the arithmetical mean. 



A CONSTANT INTERVAL. FORMULA 

(n— l)(mn— mi)+(n— 3)(m»-i— m2)+ . » . 
^"^^ n(n2-l) 

For a constant interval the arithmetical mean should not 
be employed. This formula comes from formulae used in 
developing normal equations. See Mellor's Higher Math- 
ematicsj page 327. 

If n is odd, the middle term does not appear. Use an 
even number of measurements. 



i THEORY OF MEASUREMENTS 

ILLUSTRATIVE PROBLEMS 

1. Kundt's experiment: 30.7, 43.1, 55.6, 67.9, 80.l,-{ 
92.3, 104.6, 116.9, 129.2, 141.7, 154.0, 166.1 cm. Ans. | 
12.3 cm. 

2. Time of vibration of magnet bar: 3.25, 9.90, 16.65, I 
23.35, 30.00, 36.65, 43.30, 50.00, 56.70, 63.30, 69.80, 76.55, ] 
83.30, 89.90, 96.05, 103.15, 109.80, 116.65, 123.25, 129.95. , 
136.70, 143.35. Ans. 6.67. 

3. A problem illustrating this method may easily be I 
suggested from measurements with a planimeter; 
from the acceleration curve with a dropped fork. 



WEIGHTS 

Heretofore we have considered all our measurements 1 
to be of equal value. Suppose the length of a small object j 
was measured with a micrometer gauge, a vernier reading | 
to hundredths of a millimeter, a vernier readii^ to tenths I 
of a milHmeter, and a meter stick. 

The following results might be recorded: 

1. Micrometer 3.542 cm. 

2. Vernier^ 3.544 " 

3. Vernier B 3.54 " 

4. Meter Stick 3 . 55 " 



L 



The mean of these measurements, 3.544, is obviously 
not the best value, since some represent greater precision 
than others. If one attaches to these results a number 
indicating their relative values, such a number is called the 
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weight and is usually designated by p. (Latin, pondiASy 
weight. Compare pound.) Further on, rules will be 
given for finding the weight of observations, but for the 
present we may use our judgment. No. 4 is evidently 
the least accurate and we may give it the weight 1. No. 
3 comes next and we may call it 3. No. 1 and No. 2 are 
about alike in weight, with perhaps a little advantage in 
favor of No. 1. We may, therefore, assign 8 to No. 2 and 
10 to No. 1. Putting our results in tabular form, we have: 



No. 


Obs. (m) 


Weights (p) 


Weighted Obs. (pm) 


1 
2 
3 
4 


3.542 
3.544 
3.54 
3.55 


10 
8 
3 
1 


35.420 

28.352 

10.62 

3.65 



Sp = 22 2pm = 77.942 

Xpm -5- Sp = weighted mean = 3.543 

The weighted mean may be proved to have the greatest 
probability in a manner similar to that employed for the 
imweighted mean. 

PROBLEMS 

1. In establishing a north and south line, the following 
readings were taken: 

N. 6' E., N. 4' W., N. 50'' W., N. 00'. 

All readings were taken with equal care, but the first was 
taken twice and the third three times. Find the best 
value. 
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2. Joule's values of the mechanical equivalent of heat 
have been weighted by Rowland as follows: 



442.8 (0) 


427.5 (2) 


426.8 (10) 


428.7 (2) 


429.1 (1) 


428.0 (1); 


425.8 (2) 


428.0 (3) 


427.1 (3); 


426.0 (5) 


422.7 (1) 


426.3 (1). 



He concludes that 426.9 best represents the result of Joule's 
work. 

3. The sum of the angles of an equilateral triangle is 
found to measure 180° 9'. If the first angle has been meas- 
ured six times, the second three times, and the third once, 
how should the error be distributed among the anglra? 

Additional problems in weighting will be given after 
the subject of precision of measurement has been dis- 
cussed. 



Subjects for Discussion 

The following topics are suggested for those who may 
wish to pursue the subject further: 

1. The part played by the theory of probability in the 
work of the U. S. Weather Bureau. 

2. The bearing of the laws of probability upon popular 
superstitions. Read the Vice-Presidential address of Pro- 
fessor A. G. Webster, at Atlanta, Ga., Dec. 30, 1913. 
(Science, Jan. 9, 1914.) 

3. Exceptional phenomena. Read Chapter 29 in Jevona's 
Principles of Science. 

4. Relation to gambling. 




PROBABILITY 21 

Dr. H. G. Bumham, of Chicago, thinks that the best 
way to wipe out gambling in America is to teach the 
children in the schools the laws of chance. He feels sure 
that the result of this would be that in childhood they 
would steer clear of the slot machine, and that when they 
grow up, they would shim the book maker and every other 
gambling magnate. 

To quote further: "The ordinary gambler does not 
stop to count his chances when he sees that by betting 
a dollar he may win one hundred dollars. If he had been 
taught in school to see that in reality the chances were 
200 to one against him, and that he was betting a dollar 
against fifty cents, he would keep his money in his pocket." 

5. The use of the theory of probability in mortality 
tables. 



CHAPTER III 



THE ADJUSTMENT OF OBSERVATIONS 



It is a frequent experience in making measurements ' 
that our results do not check. The measurements may be 
conditioned (see page 2), The sum of the angles of s 
triangle, for example, may not come out just 180°. Or 
they may be measurements which have a leas degree of J 
interdependence. 

If we take as the starting-point and measure a dia- ] 
tance, mi = 6.2 feet above 0; then 7712 = 4.3 above 77ii; 
then m2 = 10.6 above 0; we obsen'e that there is a discrep- 
ancy somewhere. In this case, an obvious method of j 
adjustment would be to add 0.03 to the first and second { 
observations and subtract it from the third. Since the ' 
discrepancy ia 0.1, this adjustment would correct it 
to 0.01. 

Theory. While this method would answer very well 
for the simple case in question, it would break down when 
applied to more extended measurements. The theory 
of the method of adjustment is as follows: 

Suppose we have unknown quantities mi, ma . . . m„, 
and suppose n measurements are made upon these quan- 
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titles. Then if a, 6, c, ... Z are known constants and 
M the resulting measured quantity, we have 

oimi4"6iwi2+ • • • litnu—Mi 

02^11+62^12+ • • • Z2Wl» = Jlf2 



a»mi+6„m2+ . . . lnmt=M„ 



Since there are more equations than there are unknowns 
it follows that in general no system of values will exactly 
satisfy them. Each equation has a most probable value 
for its unknown terms, but in each case there will be left 
a small residual v. We may write the equation: 

aimi+6im2+ . . . liMf^Mi—vi 
02^11+62^12+ . . . Z2^»~-M^2=t;2 



a„wi+6„m2+ . . . Z»m»-M„=t;» 

For simplicity we may designate all the terms inde- 
pendent of m\ by K. 

aimi+ifi=t;i, and by symmetry 

02Wi+2f2 = V2 



a„wi+lf„ = t;, 



Square both sides of these equations and add: 
{aimi+Kif+{a2mi'^K2?+ . . . (a,mi+X^)2 
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The greatest probability occurs when the right-hand 
1 minimum. Placing the first derivative equal 
to zero, we have 



ii(aimi+Ki)+a2(a2mi+K3) 



. a^{a^mi+Kn)=0. 



Similar equations may be written for m2 . 
These are called " normal equations " and their solutita 
gives the most probable values of the observations undei 
consideration. 

Rules. We may now summarize the methods of adjui 
ing observations as follows: 

1. Write an observation equation for each obaervatioi 

2. Form a normal equation for each unknown by multa- 
plying each observation equation by the coefficient of t 
unliDOwn in that equation and adding the results. 

3. Solve the normal equations by any method. These 
results are the most probable values. 

After these " best values " have been found, the residuals 
should be computed, and the sum of their squares (2u^) 
found. This value is less than that for any other possible 
values of the residuals. 

ILLUSTRATIVE PROBLEM 
1. Given the following observation equations, 



Sffii — 4^12 -|- Wis = 
TBI +2m2+2m3 = 25 

mi-}-?7i2-f-wi3 = 16 
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Find the best values and the sum of the squares of the 
residuals. 

We first find the normal equations by the rule. For mi, 

9mi — 12m2+3m3=— 9 
W11+ 2m2-|-2m3= 25 
mi+ m2+ m3= 16 



For m2, 



For ma, 



llmi- 9m2+6m3= 32 



- 12mi + 16m2 - 4m3 = 12 

2mi+ 4m2+4m3 = 50 

m2+ m3 = 10 

mi+ m2+ m3 = 16 

- 9mi+22m2+2m3=88 



3mi — 4m2-|- m3= — 3 

2mi +4m2 +4m3 = 50 

m2+ m3= 10 

mi+ m2+ m3= 16 

6mi+2m2+7m3= 73 

Grouping the normal equations, 

llmi- 9m2+6m3 = 32 

- 9mi+22m2+2m3 = 88 

6mi+ 2m2+7m3 = 73 
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Solving, 



ma = 6.13 
ma = 3.26 



To obtain the residuals, we substitute these valui 
the observation equations, 



18-24.52+3.26=- 
6+12.26+6.52 = 
6.13+ 3.26 

6+ 6.13+3.26 = 



112= -0.22 
1^= 0.61 
tP4= 0.61 



It would be an interesting exercise to try other values 
for nil, wa, sJid »>3 and compare the value of Si^ resulting, 
with the above values. If, for example, we choose nn = G, 
mz = Q, 1713 = 3, it is obvious that the second residual is unity, 
which alone is greater than the value of 2u^. 

The following observations were made on a triangle: 
Angle A=45°; angle S = 80°; angle = 54°. A+B 
= 126°; A+C = 100°; A+B+C = 1S0\ Find best reaulta. 



4 



The observation equations are 



mi+m2+m3 = li80 

The student should construct the 
i find the best values for mi, m2, and 



normal equatiooH ^^| 

713. ^^1 
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MEASUREMENTS OF A LINE 

A B C D E F G 

Fig. 2. 

ilB=4.0 units FG= 7.8 units 

BC=6.1 ilC= 9.0 

CD = 6.9 5D = 11.9 

DE ^2.0 DF= 8.2 

EF=6.1 il(?=32.0 

Find the best values of the above measurements made 
along a line. 

Here we have 10 observation equations which will 
reduce to six normal equations containing six unknown 
quantities, which may be solved in the usual way. The 
problem is inserted for the purpose of illustration; its 
solution is hardly worth while. 

FORMULAE 

When the number of equations is large and the con- 
stants are not whole numbers, it saves time and affords a 
check upon the work to use the following formulae: 

aa^ai^+a^+ . . . o.^ 
06=0161+0262+ • • • (hJ>» 

oZ = OiZi+02Z2+ . . . aJn 

66=61^+622+ ... 6,2 

oAf = aiAfi+02Af2+ . . . ClnMu 
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The normal equations become 

aami+abm2+ . . . almt=^aM 
bami+bbm2+ . . . Umt^hM 



oZwi+6Zm2+ . . . limit =IM 



The following example will illustrate the use of these 
formulae: 

Observation Equations 

Qnti — 3wi2 = 15.1 

2mi+2m2 = 13.9 

Ml — 2m2=2.1 

aa= +36+4+1 = +41 

a6=-18+4-2=~16 

66 = +9+4+4= +17 
aM= +90.6+27.8+2.1 = +120.5 
6Af = -45.3+27.8-4.2= -21.7 

41mi+16m2 = 120.5 
16mi+17m2=-21.7 

Let the student compare these results with those foimd 
without the use of the formula. 
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PROBLEMS 

1. Adjust the following values and find 2)v^: 

mi = +3.06 
m2=-1.30 

mi+W2 = +1.75 
2mi+m2=+4.81 

2. Heretofore it has been assumed that all observations 
have equal weights. If the weights are unequal each ob- 
servation equation should be multiplied by the square root 
of its weight and the normal equation then formed. In 
the preceding example let the first and the second measure- 
ments have weights of one each, the third a weight of four, 
and the fourth a weight of nine, and find the adjusted 
values. 

3. The following observations are taken from a student's 
field book: 

JIf = 147^4' 04.6" 

iV== 88 58 06.1 

0= 93 61 26.7 

P= 29 66 16.6 

M+N+0+P=359 69 66.0 

M+N+0 =330 3 39.2 

JV+0+P=212 46 63.0 

0+P+Jlf =271 1 67.8 

P+Jlf+iV=266 8 30.0 
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Fig. 3. 



Find the best values of the anglr"> 



- >. 



4. 



A= 22° 


13' 59" 


5=100 


18 40 


C= 57 


27 33 


A+B=122 


32 41 


B+C = 157 


46 10 


C+A= 79 


41 29 


A+B+C =180 


00 3 




Fig. 4. 



Find the best values of the angles. 
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5. A(]just the following angles: 

BOA = 1 . .B 

B0C=2 ^ 

COD =3 

Z)0S=4 \ /^ 

E0A=5 

BOB =6 E^ 

Fia. 5. 

No. Observed Angles. 

1 70" 20' 51" 

2 52 35 10 

3 50 41 25 

4 95 10 41 

5 i 91 11 57 

6 * 198 27 14 

Observe that angle 6= angle 2+angIe 3+angIe 4. 

6. Clairaut's empirical formula for the relation between 
the length of a seconds pendulum and the latitude is 

l='Lo+A sin^L. 
Suppose the following observations to be made: 



L 


1 


0° 0' 


0.990564 


18 27 


0.991150 


48 24 


0.993867 


58 15 


0.994589 


67 4 


0.995325 
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Substitute the values in the given equation for observa- 
tion equations; then form normal equations for Lo and A. i 
Mellor gives these normal equations: 

0.993099 = Lo+0.44765A, 
0.994548=i:«+0.70306A. 

Systematic Errors 
The above method of treatment applies only to acci- 
dental errors. If there should happen to be a systematic 
error running through the problem it is difficult or im 
ble to detect it from the observations themselves. There 
may be a mistake on the part of the observer or the error 
may be due to inexact graduation of the instruments, or it 
may be due to personal peculiarities. (See page 3.) It is 
beyond the scope of this book to present the theory of 
systematic errors, but the following problem may be read 
over with profit: 

B= 86° 45' 25.2" 

.4= 85 48 36.4 

C= 81 16 40.9 

D = 106 11 17.5 

A+B+C+D = Z60 2 00 

A+B = n2 34 10.6 

S+C = 168 2 15.1 

C-l-Z> = 187 28 13.8 

D+A=19l 59 11.3 

The solution according to the method above outlined 
gives 
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mi= 85^ 48' 26.2" 
m2= 86 45 32.2 
m3= 81 16 50.1 
m4=106 11 9.5 

These are the best values, but it will be noted that the 
sum of these values is 1' 58" greater than 360°. Presum- 
ably, a systematic error of about 30' runs through the 
observations. These values, then, may be further adjusted 
by finding the weight of each observation and distributing 
the discrepancy inversely as the weights. The probable 
error of each observation is given by the formula 






B= 0.6745 

Where n is the number of observations and q the number 
of unknown quantities. In this case n—q would be 5. 

Zt;^ is obtained in the usual manner and found to be 1303. 
Next we may proceed to find the weights of the various 
measurements. If we wish to find the weight of ms, for ex- 
ample, we should represent the absolute term in the normal 
equation of mz by some constant and place the other abso- 
lute terms equal to zero. We solve for m^ and the weight 
is found to be the reciprocal of the coefficient of the con- 
stant. The probable error of ms is found by dividing the 
probable error of each observation by the square root of the 
weight just found. The discrepancy in the final result may 
now be adjusted according to the weights found, and should 
give 
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mi= 85° 47' 66.7" 



m3= 81 16 20.6 
m4=I06 10 40.0 

The sum of the angles is now found to be exactly 360°. By 
the principle of least squares the sum of the squares of the 
residuals is greater than for the "best values" previously 
obtained. This seems to confirm the suggestion that a 
constant error ran through the observations. A full dis- 
cussion of this subject is given in Palmer's "Theory of Meas- 
urements," page 117. 

SHORTER METHODS 
The following abbreviated methods are sometimes 
employed : 

Mayer's Method 
Make all the coefficients of mi positive and add the 
results to form a normal equation for mi. Similarly for 
ma . . . m„. Solve the normal equations as before. 

The results are not so accurate as those obtained by the 
longer method, but are satisfactory for most purposes. 



I 



PROBLEMS 



Observation equations. 



t. 
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Solve by the regular method and by Mayer's method. 
Some idea of their relative accuracies may be obtained 
by computing Ztr^ in each case. 

Method by Diminishing the Constant Term 

Suppose we have given 

4+5 = 10 

4A-B = 19 

2A +35 = 25 

An inspection of these equations shows that A =6 and 

fi»4 approximately. 

Let a and b equal the difference between the true and 

approximate values of A and B. Then 

(6+a)+ (4+6) -10=0 

4(6+a)- (4+6) -19 = 

2(6+a)+3(4+6)-25 =0 

a+6 = 

4a-6+l=0 

2a+36-l=0 

Forming normals and solving, we have 

o= -0.153 
6= +0.406 
A =6-0.153 = 5.847 
5=4+0.406=4.406 

The student should compare these results with those 
obtained by the regular method. 

This method is especially well adapted to the adjust- 
ment of angles observed at a station. Considerable 
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mathematical computation is avoided. The following 
problem from the United States Lake Survey is solved 
in Merriman's Least Squares, 

No. Between.Stations. Observation. 

1. Bunday and Wheatland 44^ 25' 40".613 

2. Bunday and Pittsford , . 80 47 32 .819 

3. Wheatland and Pittsford '. . 36 21 51 .996 

4. Pittsford and Reading 91 34 24 .758 

5. Pittsford and Bunday 279 12 27 .619 

6. Reading and Quincy 62 37 43 .405 

7. Quincy and Bunday 125 00 18 .808 

We may set up the observation equations: 

mi= 44^ 25' 40".613 

wi+m3= 80 47 32 .819 

m3= 36 21 51 .996 

7^4= 91 34 24 .758 

360^-(mi+m3)=279 12 27 .619 

m6= 62 37 43 .405 

360^-(mi+m3+?n4+m6) = 125 00 18 .808 




Fig. 6. 
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On account of the nature of the constant terms the 
solution would be extremely tedious. We may let vi, 
V3, V4, and ve be the most probable corrections to be applied. 
Then 

ini=44^25'40".613+»i 

ma =36 21 51 .996+t;3 

f?i4=91 34 24 .758+tt4 

m6=62 37 43 .405+t;6 
This gives rise to simpler observation equations: 

ri=0 
»i +1^3 = +0.210 

t;3=0 

t;4=0 
»i+t;3= -0.228 

t;6=0 
t'i+»3+t;4+t;«= +0.420 

The right-hand members denote seconds. 
The normal equations are 

4t;i+3t;3+t;4+t;« = +0.402 
3t;i+4t;8+t;4+t;6 = +0.402 

»i+t;3+2t;4+t;6= +0.420 

vi+t;8+t;4+2t;6 = +0.420 



From which 



t;i = +0".022 
t;3=+0 .022 
t;4=+0 .126 
t;(i=+0 .126 
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The adjusted values now become, 

No. 1 44° 25' 40".635 

2 80 47 32 .653 

3 36 21 62 .018 

4 ". 91 34 24 .884 

5 279 12 27 .347 

6.. 62 37 43 .531 

7 125 00 18 .932 



CHAPTER IV 



THE PRECISION OF OBSERVATIONS 



As stated in the introductory chapter, there are no 
measurements made with such a degree of accuracy that 
we may regard thera aa absolutely correct. The wave- 
length of cadmium light has been measured with aa accu- 
racy which is marvelous, but its exact value will probably 
never be known. Since measurements differ among them- 
selves in accuracy, it is desirable to have some method 
of indicating this fact, and the term " Precision of Obser- 
vations " or " Precision of Measurements " is applied to 
the method of procedure employed in determining the 
relative accuracy of measurements. Strictly speaking, 
the term " deviation " is a better one than " accuracy " 
because the latter terra seems to presuppose a knowledge 
of exact results. 

The percentage of error is obtained by dividing the differ- 
ence between the result obtained and the true result by the 
true result, and multiplying by 100, Here the " true result" 
may mean the best obtainable result. 

The percentage of deviation is obtained by dividing the 
difference between two results, neither one of which may be 
regarded as necessarily correct, by either result, and mul- 
tiplying by 100. 
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PROBLEMS 



m. per sec. I 



1. If a student brings a value for g of 981.7 cm. per 

per sec. at a. place where the best determinations give 
what is his percentage of error? Would the term "deviar 
tion" apply here? 

2. Find the percentage of deviation between two deter*^ 
minationa of the density of mercury: 13.47 and 13.61. 

Classes. There are three classes of precision measures: 

1. Mean error; 

2. Average deviation; 

3. Probable error. 
Graphic Method. These may be illustrated graph- 
ically by use of the probability curve (Fig. 7). 

Since YOX may be regarded as a probability area, 
and since, aa will be shown later, the probability that 
the true result lies within the limits indicated by the 



I 




precision measure is one-half, it follows that v 
our precision in one of three ways: 
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1. By taking the distance from along the x-axis to 
the point of inflection of the curve. This is represented 
by OM and expresses the mean error or mean square error. 

2. By taking the abscissa of the ordinate passing through 
the center of gravity. This is OD and expresses the aver- 
age deviation. 

3. By taking the abscissa of the ordinate which divides 
YOX into equal parts. This is OP and expresses the 
probable error. 

By reference to Problem 5, page 14, it will be seen that 

the mean error, /*= — 7=, the distance OM in the figure. 

hV2 

The average deviation, OD, may be found by use of the 

formula in mechanics 

••00 
k I xe-*'*'dx 
_ Jo 



X^ ^" 1/2A^ 



kCe-'^^'dx ^/2* '^^ 



47fiQ 

The probable error, OP=-^^j^. This wiU be deduced 

later. 

Of these precision measures, it may be said that the 
mean error, " the square root of the arithmetical mean of 
the squares of the errors," is seldom used; the probable 
error is the most accurate; and the average deviation is 
the easiest to determine. 
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The Aveeagb Deviation 

If m is the mean of n measurements and vi, V2, 

Va the residuals (neglecting signs), the average deviation 

would be a.d. = — . 
n 

Taking the numbers 10, 8, 9, 10, the mean is 9.25, 
and 1)1 = 0.75, t»2 = l-25, 2)3 = 0.25, and iy = 0.75. 2y = 3.00 
and a. d. =0.75. We may neglect the signs of the residuals. 

This is the average deviation of a single observation. 
a.d. 



The average deviation of the mean, A.D.= 



the problem just solved, A.D. 



0.75 



V^' 



In 



0.3 



PROBLEMS 

It will prove of interest if the instructor will assiga ] 
problems taken from the student's laboratory note-book J 
in illustration of this topic. 

The Probable Error 

The term probable error is rather misleading, but i 
meaning may be made clear by the following definitioa:! 
The probable error is a number placed after a result withfl 
a plus and minus sign between them; and it indicatefl 
that it is an even wager that the true result lies between " 
the indicated limits, and that it does not so Ue. 

At first thought, this definition seems vague and not 
indicative of a very high order of precision. Let us take 
the value of the velocity of light as 2998G0±30 km. per 
Becond. This means that it is just as likely that the true 
value lies between 209S30 and 299890 as that it Ues between ^ 
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zero and 299830, plus 299890 to infinity. This narrows 
the field and indicates an order of precision that is suf- 
ficiently high. 

The probable error is sometimes defined as a quantity, 
which, when added to and subtracted from the mean, gives 
limiting values such that if another mean is determined in a 
similar manner, its value is as likely to lie outside these 
limits as to lie between them. 

Formulae for Probable Error 

Going back to the probability integral, we must take 

the value of x when P = i. This gives i = 2/ Vtt j e~'^*'^dhx. 

From integration tables we find Ax =0.4769. 
The particular value of x which fulfills this condition 
will be denoted by r. Then Ar= 0.4769. 

Take the equation for compound probability (page 15). 

Since h is the measure of precision, we wish to give it 
such a value as will render P a maximum. 

dP 
an 

.•>-2;i2Sx2=0. 



(Divide by A**- 16-**^') 



\22;x2- 
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0.4769 



But A= 



Therefore r = 0.4769 J^ = 0.6745 J 



n 



This is the probable error for a single observation when 
errors are considered. 

In order to change errors to residuals (x to v), we make 
use of the following procedure: Let the sum of the squares 
of the errors differ from the sum of the squares of the 
residuals by some constant, say v?. Then 

Now w^= — ; 

n 

n 
(n-l)Sx2=nSt;2. 

n n—\' 
Substituting in the formula for r, 

r= 0.6745 






This is the formula for single observations for residuals. 

Since probable errors are inversely proportional to the 
squares of the number of observations taken (see any text- 
book on Least Squares), we have 
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n: l::l/ro2: l/r^, 

ro=r/Vn. 

fo thus represents the probable error of the mean and 
may be written ro=0.6745'v/— 7 tt. 

We may now summarize the relation between the 
probable error, the measure of precision, and the weight as 
follows: 

1. The measure of precision varies inversely as the 
probable error (since /ir= constant). 

2. Weights are proportional to the squares of the pre- 
cision measures. 

3. Weights are inversely proportional to the squares 
of the probable errors. 

PROBLEMS 

1. Given the following measurements of the length of 
a line: 



70,6 cm. 


70.5 cm. 


70.4 cm. 


70.5 " 


70.6 " 


70.5 " 


70.7 " 


70.8 " 


70.6 " 



Find the mean square error, the average deviation, 
and the probable error. 

2. Assume that the lines OP, OD, and OM are drawn 
to scale in Fig. 7, and compare their relative lengths with 
the results of No. 1. 

3. Given the measurements and probable errors: 
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427.32±0.04 

427.30±0.16. 

Find the relative weight and the relative precision. 

4. Twenty measurements of a line give a probable ' 
error of the mean of 0.06. How many additional measure- 
ments are required to reduce the probable error to 0.03? 

5. An angle is measured 9 times with each of two tran- 
sits. The first gives a value of 



The second ^ves 



41°32'14"±8".2. 



41° 32' 12"±7".l. 



Find the best value for the angle. 
6. When the best value is found from No. 
able error may be found by use of the formula 



5, its prob- J 



r/: 



■■Vf 



where r/= probable error in the best value; 
ra= probable error in the first value; 
Po=weiglit of first value; 
P/=weight of first value+weight of second value. 

The precision measure is sometimes expressed aa a 
fractJon or a decimal with reference to the magnitude of 
the measurement concerned. Thus in Problem 3, we may 
Bay that 0.04 is the precision measure, or we may say that 
the measurement ia reliable to about 0.01%, or to one part I 
in 10,000. 
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PROBLEMS 

1. Show from the data on page 37 that r=0.85 a.d, 

= 0.67m. 

It follows that for a constant value of n, ro=0.85 A.D. 

2. The following results have been obtained from nine 
measurements in each case: 

94.31 cm. A.D. =0.031 



94 36 




o.d. =0.090 


94.35 




r =0.025 


94.33 




ro= 0.007 


94.34 




reliable to 0.03% 


94.35 




precise to 2 parts in 10,000 



Reduce these different precision measures to A.D.'8 
and write them in order of the reUabiUty of the results. 

The fact that the size of the probable error must be con- 
sidered in relation to the magnitude of the number with 
which it is written may be illustrated by Fletcher's result 
for the number of molecules in a gram-molecule of air: 
iV«60.3X1022±1.2X1022. (Phys. Rev., November, 1914.) 



CHAPTER V 



THE PROPAGATION OF ERRORS 

In the study of the propagation of errors we have two 
classes of problems — the direct and the converse. In the 
first class we determine bow the errors in component 
measurements affect the rehability of the results; and in 
the converse problem we determine with what accuracy 
we should make our component measurements in order 
to secure a required accuracy in the result. 

In solving problems under the first case, we proceed 
as follows: If Z represents the true result, and X its 
error; and zi, Z2, . . . Zd are true values of component 
measurements, and xt, X2, . . . Xo are their corresponding 
errors, then, 



Z+X=/l(!i+Ii), 

By Taylor's theorem 



(z2+i2) . ■ ■ (z»+3:„)]. 






Consider that we have a series of such terms, designated 
by "ZX, Sa;i, 2i2, etc., and square both sides: 



K0- 



W 
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We have neglected terms containing the products of 
the errors, such as 2x1X2, since positive and negative errors 
are equally likely to occur. If we divide both sides by n, 
we may substitute r^ (the probable error in the final 

result) for and ri^, r<?^ r.^, the probable errors of the. 

components for — ^, etc. The reason for this is evident 

from an inspection of the probable error formula. Thus 
we have 

'^-(S)v+(S)W...(i)v 

Hereafter we shall replace r by A and ri, r2 . . . r» 
by 5i, 52, . . . 5,. These refer to any precision measure 
as well as the probable error. A means the deviation in 
the result due to deviations in the components, h\y 82, 
... 0%, 

ILLUSTRATIVE PROBLEMS 

1. The two sides of a rectangle measure 45zi:0.6 and 
50zi:0.4. Find the deviation in the area. The formula 
i«A-a6 = 2250. 

= (50)2(0.6)2+ (45)2(0.4)2 
=900+324 = 1224 
A = 35 approximately. 

We may say, then, that the area (expressed in square 
feet), is 2250 with a deviation measure of 35. 



i ' J J ■> J , ■ ■> 

^ ' ^ * J ^ , . ^ , 
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2. It may be readily seen from the formula that if i 
the equation has the form A=a+b, the value of i* becomes < 
Ba^+Sa^. This may be applied to the measurement of J 
a line which has to be made in sections. 

3. If the equation contains a constant multiplier, 1 
A=ca, we have A = c5. 

If the radius of a circle is 10 cm. with a deviation of 1 
0.1, the deviation of the resulting length of the circumfer- ^ 
eiiceis27rX0.1=0.63. 



PROBLEMS 

1. The formula for the radius of a sphere s 
a spherometer is 



given by 1 



and 



Z = 7.23±0.04cm., 
o=0.53±0.008cm. 



r 

L 



find the length of the radius and its deviation measure. 

2. If the length of a pendulum is lOOiO.l em., and the 
period of one vibration 1.01±0.003 seconds, what is the 
deviation in g? 

3. The mass of a body in air is 30±0.1 g; in water 
20±0.2 g. Find the deviation in the value of its specific 
gravity. 

4. What is the deviation in the value of the velocity 
of liquid flow from a height of 50±1 cm.? V^=2gh. 

5. A mass of 100 g. is revolved with a speed of 80 cm. 
per second on the end of a cord 50 cm. long. The mass 
measurements are 101, 100, 99; the speed measurements 



4 
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82, 80, 78; the length measurements 51, 49, 50. Find 
the centrifugal force and its deviation. 

6. Find the deviation in the mean of two quantities 
which differ by C. 

7. If d is the deviation in log a, what is the deviation 
in a? 

8. In No. 2, assume that the deviation found is an 
average deviation, A.D. Express the result fractionally, 
decimally, and as a probable error. 

9. In determining a refractive index, the value of i 
is 40°±8', and of r 32''±6'. Find the value of the index 
and its deviation. 

In solving these problems, the student should observe 
the relative effects of the deviations in the components 
upon the result. In No. 2, for example, it will be seen 
that a de\'iation in f is a much more serious matter than 
an equal deviation in /, A large number of problems 
illustrating this process may be found in Goodwin's Pre- 
ctsion of Measurements. 



PROBLEMS 



of especial interest to 



The following problems 
engineering students: 

1. In the triangle ^jBC,^fi = 500'±0.04'Z A =32''±10', 
ZC = 60''±4'. Find BC and its deviation. The formula 
for the area of a triangle with the given conditions should 
be written down and the usual method employed. We 
have the deviations given for the angles and need them for 
the sines of the angles. For a deviation of 10 minutes 
D 32 degrees, we find the deviation in the sine of 32 degrees 



J 
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by subtracting the sine of 32° from that ot 32° 10'. Or^| 
we may differentiate with respect to the angle. 

2. In a triangle ABC, we have AJS = 240.4±0.04, 
.AC = 290.6±0.003, ZA =44= 20'±1'. Find the area and 
its deviation. Use both methods referred to above in deal- 
ing with the angle A. 

3. The formula for the elastic modulus of a rectangular 

PP 
bar supported at its ends is E= \ „ . „ where P is the mass 
idb¥ 

applied at the center, I the length, d the deflection produced, j 

b and h the breadth and thickness. We have given the J 

following measurements: 



0' 


.331 


0".490 


0' 


.206 


0' 


.333 


0".492 


0' 


.205 


0' 


.329 


0".491 


0' 


.206 


0' 


.330 


0",490 


0' 


.207 



Take the length two feet and P=40 lbs. 
Find E and its deviation. 

4. Find the number of calories and its deviation, from ' 
a current of 6.2±0.06 amperes, through a resistance of 1 
20±0.1 ohms, for 30 minutes (correct to a single second). 

5. Observations on a resistance of about 10 ohms give 
values as follows: Correct to 0.09%, correct to one part 
in one hundred; a probable error of 0.001. Write these 
down in the order of theu- relative reliabilities. 

An interesting case of thu effect of errors in observed 
values upon derived values is found when the derived value * 
is the difference of two observed values, both of which are 
large in comparison with their difference. 

For example, the area of the datum circle of a given plan- 
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imeter is 2075 sq. cm. A student by measurement obtains 
the value of 2070 sq. cm., which is correct to less than 
one-fourth of one per cent. The student then traces a given 
figure with the fixed point at the.center of the figure and 
the movable point moving in a counter-clockwise direction, 
giving the reading 2010 sq. cm. The area of the figure is, 
then, either 2075-2010=65 sq. cm., or 2070-2010=60 
sq. cm., results which differ from each other by about eight 
per cent. 

THE CONVERSE PROBLEM 

In the cases already considered, we have discussed the 
effects of deviations in component measurements upon the 
deviation in the result. We are commonly called upon to 
determine in advance to what degree of precision we shall 
make our measurements in order to reach a given precision 
in our result. For example, we are required to measure 
the volume of a cylinder whose length is about 10 cm. and 
whose radius is about 3 cm. with such a degree of accuracy 
that the deviation in the volume (about 283 cm.^) shall 
not exceed 3 cm.^ It is customary to so adjust the devia- 
tions pertaining to each variable that each will have an equal 
effect upon the final result. This is called the method 
of eqtuil effects. Representing the effects of the various 
deviations upon the results by Aa, Aft,__. . . A», we have 
A2=Afl2-f-Aft2-f- . . . A»2=nAa^. A=AaVn. In our problem 
we may write 

Aj=Ar=— 7= = -7= = 2.1 cm^ 

Vn v2 
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The deviations in the length and radius should not 

separately produce a deviation in the area of more than 
2.1 cm,' From our general equation, page 45, we have 



dA 



&l=tn^&l = 2SMl = 2.1. 



-Sr=%rTlST=lS8Mt = 2.1. 6, = 0.011 cm. 



Therefore 5i = 0.074 cm. Likewise 
dA 

We conclude that we must measure the length of the' 
cylinder with an accuracy of 0.074 cm., and the radius 
with an accuracy of 0.011 cm. 

The Fractional Method _ 

These problems may be solved in another way. It 
follows (not quite directly) from the method of equal 
effects that the deviation in a final result due to a devia- 
tion in a component bears the same relation to the final 
result as the deviation in the component bears to the com- 
ponent, if the exponent is unity. 

In other words -T=y- If the component has any 

other exponent than unity, the fraction must be multiplied 
by the exponent, following the method of differentiation. 

We have in the last problem -t^ = — -, since the radiiu 

appears in the second power. 



he^V 
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il ~ il ~ V2 A ~ V2 283 ^ "-""^^ 
J =0.0074; «Z =0.074 
-=ix0.0074= 0.0037; «,=0.011. 

T Z 

This is seen to check with the former method. 



PROBLEMS 

1. With what accuracy must we measure the radius 
of a circle to obtain an accuracy of 0.1% in the area? 
(First method.) 

2. With what accuracy should I and t be measured in 
a simple pendulum to obtain a value of g correct to one 
unit? (Second method.) 

3. With what accuracy should h and a be measured 
with a spherometer to give a value in the radius correct 
to 0.03%? This problem may be solved in a literal form 
or values may be assigned to a and 6 and the result 
computed. (First or second method.) 

These are illustrative problems. They should be 
extended, so far as time permits, to include various problems 
from the student's laboratory note-book. The impor- 
tance of this part of the subject is obvious. 
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BEST MAGNITUDES AND BEST RATIOS 



No one can work very long in a physical laboratory 
without observing that the results come out much better 
by using certain magnitudes and ratios than they do with 
others. In measuring current with a tangent galvanom- 
eter very poor results would be obtained for angles between 
0''-20° and 70°-90''. Around 45°, however, they are 
eatisfactory. In using a slide-wire Wheatstone bridge, 
the two segments of the wire must be about equal for 
satisfactory results. 

In the first case, our formula is / = c tan <(•• 



d(c tan ip) . CS4, 

^ — T, — *'"S?*- 



Dividing 



/ 



1 _ 25^ 
c tan ^ sin 2^* 




This is a minimum when ^ = 45'' and shows that the devia- 
tion in the result due to a deviation in is least at 45°. 

For the Wheatstone bridge we may let 3: = the unknown 
resistance, R the known, a and b the segments of the wire, 
and c its total length. 

Then 

aR 
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It should be easy for the student to prove that the best 
result occurs when a=b. 

These illustrations might be indefinitely extended. 
The student is referred to Holman's Precision of Measure- 
ments for a number of interesting problems. 

EXERCISES 

1. Show that the relative error in measuring the area 
of a circle decreases with increasing radius. 

2. In drawing a simple harmonic motion curve, discuss 
the effect of an error in the phase upon the displacement 
for various points on the curve. 

3. A body rolls down an inclined plane for a definite 
period of time. Discuss the effect of an error in measur- 
ing the angle of the plane upon the error in velocity. 
Neglect friction. 

4. How would an error of one minute in measuring the 
angle of incidence compare with a similar error in measur- 
ing the angle of refraction in their effect upon the refrac- 
tive mdex? Take i=45** and r = 30°. 

5. What is the " best value " of the limiting angle in 
measuring the coefficient of friction? 

6. In Lami's theorem -. — = -; — - = — 



sin a sin i3 sin 7' 

take il=59.8, B=69.8, C = 102.8, 
a=146^ i8=139^ 7 = 75^ 

Discuss the effect upon each term of an error of 0®.5 in 
measuring a, P, and 7. 
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PLOTTING 



Definitions. It may be assumed that students for 
whom this boolc was prepared have a knowledge of the 
fundamental principles of curve tracing. A few familiar 
definitions and illustrations will, however, be given. 

A plot is a graphic representation of the relation of 
two quantities of which one is a function of the other. 
The origin is the point of departure from which all distances 
are reckoned. The coordinates are horizontal and vertical 
distances from the origin. The axis of abscissas is the 
horizontal line through the origin. The axis of ordinates 
is the \-erticaI Hue through the origin. The slope of the 
curve ia the angle it makes with the i-axis. 

When the points for a curve have been established, 
there are two methods of procedure: If the curve appears 
to be regular or to correspond with well-known types, 
we should draw an average line through the points in such 
a manner that about as many will lie on one side aa on 
the other. If the cur\-e does not fulfill these conditions, 
the adjacent points should be connected by straight 




i 



PLOTTING 



59 



EXERCISES 

In these exercises, the student should use his judgment 
as to the method to be followed. 

1. Plot a simple interest curve for $100 for ten years 
at 5 per cent. 

2. Plot a compound interest curve starting from the 
same origin. 

3. The maximum temperature for each day of a certain 
month was as follows: 



1 


31^ 


11 


29*^ 


21 


IV 


2 


22 


12 


24 


22 


13 


3 


21 


13 


18 


23 


18 


.4 


27 


14 


12 


24 


41 


5 


29 


15 


14 


25 


43 


6 


26 


16 


26 


26 


38 


7 


22 


17 


28 


27 


30 


8 


28 


18 


28 


28 


36 


9 


29 


19 


19 


29 


36 


10 


28 


20 


16 


30 


47 



Plot the curve. 

4. Compute the mean temperature for the month in 
Na 3, and plot a curve showing the departure from the mean 
for each day. 

5. The following plot will afiford amusement as well 
as instruction: 
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. 


. 


. 


. 


-0.0 


1.5 


1.3 


-1.0 


-1.0 


1.2 


1.6 


-0.3 


-2.0 


0.7 


2.0 


-0,4 


-3.0 


0.0 


3.0 


-0.6 


-3.5 


-0.5 


3.3 


-0.6 


-3.7 


-1.0 


3.S 


-0.3 


-3.5 


-1.7 


3,3 


0.0 


-3.0 


-2.2 


3.0 


0.6 


-2.5 


-2.3 


3,0 


1.0 


-1.0 


-2,1 


2.7 


1.3 


-0.5 


-1.9 


2.8 


1.6 


0.0 


-2.3 


2.5 


1.6 


0.5 


-2.4 


2.0 


1.4 


1.0 


-2.5 


I.O 


1.6 


0.8 


-1.6 


0.0 


1.6 


1.0 


-1.3 







6. A thennometer is found to have tbe following etrora | 
when calibrated by means of a standard: 







10 =+0.03 










12 -0.60 










18 -0.45 










22 -0.88 










30 +0.71 








errors for the thermometer. 
Constants. Let us take the 




Deteumn 


lation of 


equation 


a straight 


line, 


V=ax+b. 


tht, Antrln i> 


hinh thA 
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line makes with the x-axis. This is equal to a and deter^ 
mines this constant. When x=0, y = b. This determines 
the constant b. 

Rearrangement of Data. It sometimes happens that 
if a curve is plotted in one way it is meaningleaa or dif- 
ficult to interpret; while a rearrangement of data makes 
it perfectly intelligible. If, for example, a series of readings 
have been taken with a Boyle's law apparatus, the result- 
ing curve should be an equilateral hyperbola (j)v=a). It 
will be found, however, that the readings oue is ordinarily 
able to obtain are not sufficient to identify the curve. If 
we change the data and plot v and 1/p we get a straight line. 

In a tangent galvanometer the formula is I=k tan 4. 
In order to get a series of variations in the current we 
introduce varying resistances. Since I=B/R, it follows 
that the reciprocab of the resistances will plot a straight 
line with tan ^ 

EXERCISES 

1. The following data come from an experiment with 

the Boyle's law apparatus: 



Volome. 


Premnre. 


Voiume. 


IW„. 


20.8 


134.3 


34.9 


102.9 


27.4 


130. S 


36.2 


90.3 


27.9 


126.4 


37.6 


96.7 


28.2 


122.9 


39.3 


92.3 


90.2 


118.4 


40.7 


88.3 


Sl.S 


114. B 


42.5 


Si. 3 


t2.4 


110.8 


44.0 


81 .g 


13.6 


106.7 


a.8 


TS.O 
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Discuss the accuracy of the observations from the plot 

2. The following table is made up from resistances 

and corresponding derlections with a tangent galvanometer: 1 



ReBiBtBOCBB (Ohmal. 


DeflectiODBCDcBreea). 


90 


5.3 


50 


8.7 


30 


12.8 


20 


18.7 


10 


24.0 


5 


30.6 


3 


34.5 


1 


39-3 





42.5 



a. Assume that we have a constant electromotive force 
and make a plot which will show the relation between 
the current and the deflection. 

J = ;;tan9, I = E/R. 

b. Plot the resiatancea with the cotangents of the angles 
and project until it cuts the ar-axis. Interpret the curve. ] 

c. Find the value of E by Ohm's law. 
3. Known volumes of a liquid were placed in a flask 

and weighed, giving data as follows: 



VolQBic or Liquid. 


(Liquid +Fraik.) 


20. S 


204 




37.6 


221 




61.3 


250 




86.5 


287 




108.0 


307 




139.6 


336 
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Plot the volume on the x-axis and the masses on the 
{f-axis. 

a. Find the mass of the flask from the plot. 

6. Find the specific gravity of the liquid. 

4. Two rulers were placed together at random and the 
reading on the centimeter scale was taken opposite each 
inch division on the English scale, giving data: 



Inches. 


Centimeters. 







1 




2 


27.8 


3 


25.3 


4 


22.7 


5 


20.2 


6 


17.7 


7 


15.1 


8 


12.6 


9 


10.0 


10 


7.5 


11 


5.0 


12 


2.4 



Plot the inch readings on the x-axis and the centimeter 
readings on the y-axis. 

a. Determine from the plot how the rulers were placed 
with reference to each other. 

6. Find the ratio of the centimeter and inch by using 
the intercepts of the curve on the axes; also by using the 
ratio of the difference of two points 2/2—2/1 and 0:2— xi. 

5. The candle-power of a 16-c.p., 110-v. lamp was 
measured for different voltages across the terminals as 
follows: 
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Volt,. 


Csodle-power. 


60 


0.4 


70 


1.1 


80 


2.3 


90 


4.2 


100 


8.3 


105 


10.3 


118 


16.6 


12S 


22.3 


138 


25.8 


150 


44.7 


160 


54.6 


170 


T2.2 


180 


79.7 


190 


93.9 


200 


115.7 


210 


120.3 



Plot volts on X and candle-powers on y-aoB. 

a. Find candIe-j>ower at 110 v. 

6, Find candle-power at 220 v, 

c. Is it possible to estinmte the voltage at which tha 
filament first begins to glow? 

6. The elongation of a spring was measured for differ- 
ent loads, and the energy stored in the spring computed, 
giving data: 



t. 



Load.. 




Energy. 


g 


cm. 


e cm 







0.0 







50 


2.3 


57,6 




100 


6-4 


270,0 




150 


8.8 


660.0 




200 


11,9 


1190.0 




250 


15,2 


IBOO.O 
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Plot loads (x) with elongations (y) and energy (y). 

a. Compute the constant of the spring (jg/cm). 

b. We have 



W.Fi.{'>-^)E: 



2f«JbL; 



W^ 



2 • 



Interpret this equation and compare with the curve. 

c. Compute the area between the load-elongation 
curve and the x-axis. What does this represent? 

The electrical resistance of lead at various temperatures 
indicated by means of a plot that the resistance would be 
aero at —273*^ C. The recent experiments of Professor 
Kamerlingh Onnes have justified this conclusion. 
7 



Inches. 


Centimeten. 


Weight Given. 










1 


2.5 


10 


2 


5.5 


1 


3 


7.3 


3 


4 


10.0 


10 


5 


13.3 


2 





14.8 


8 


7 


18.2 


8 


8 


19.0 


6 


9 


23.6 


5 


10 


24.4 


1 



Plot the above, taking inches on the x-axis and centi- 
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meters on the 2/-axis. Draw an average straight line 
through the points and test its accuracy by reference to 
the equation Sr =0, when the various perpendicular distances 
from the points to the line are expressed by ri, r2, etc. 
Repeat the exercise, using the weights assigned above. Cor- 
rect the line by use of the results obtained. 
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NEGLIGIBILITY 



Importance. It is of the utmost importance that stu- 
dents in laboratory courses should come to know imder 
just what conditions they are at liberty to neglect small 
quantities which appear in their work. A student who 
comes into physics from courses in mathematics is con- 
scious of a decided shock when he is told to throw away 
certain terms in an equation. It is hoped that a few illus- 
trations will convince him that such a process is not at all 
unscientific or inaccurate. 

We learn in trigonometry that the sine, tangent, and 
radian value of an angle may be used interchangeably if 
the angle is small. The following table will make this 
clear: 



Degrees. 


RftdianB. 


Sine. 


Tangent. 


0^ 











ac 


0.00873 


0.00873 


0.00873 


1 


0.01745 


0.01745 


0.01746 


2 


0.03491 


0.03490 


0.03492 


3 


0.05236 


0.05234 


0.05241 


4 


0.06981 


0.06976 


0.06993 


5 


0.08727 


0.08716 


0.08749 
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It will be seen that for most purposes very little error I 
would result from substituting the radian meaaure or thej 
tangent for the sine. 

EXERCISES 

1, Construct a circle with radiua unity. Take an 
angle of 60° at the center and draw an arc and a chord. 
Call the arc dx and the chord dy (equal to the radiua). 



and the chord 



Find the value of the arc by radians ( -;^ 1 1 

by the law of sines. In this case dy=l and d3; = l,0472. 

Find relation between dx and dy for 30°, 10°, 5°, and 1°. 

2. What is the largest angle for which dx = dy to four 

places of decimals? 

The Pendulum Formula. In deducing the formula , 

for the simple pendulum, we make use of an approximation, 

80 that the equation T=2TrVl/g is not quite correct. The ■ 

equation , 



tends to diminish the error aa more and more terms am ' 
used. Here K = n. 



Give 9 values of 60°, 10°, and 1" and assume that the 
longer formula gives the correct value of g. Find the 
error in each case due to using the shorter formula. Re- 
member that g appears as a square root. 
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The Mirror Formula. In developing the formula for 

the circular mirror a similar approximation ia noted. By 
using a parabolic mirror no approximation appears, 

EXERCISES 

1. Show that light starting from the focus of a para- 
boloid of revolution will go in parallel lines upon reBectioD 
from any part of the mirror. 

2. Construct a parabola whose equation ia 1/^=4^1. 
Construct a circle internally tangent to this whose equa^ 
tion is 3?+y^—2rx=0. Let r = 2p. Select points along 
the axis distant r/4, r/2, 3r/4, and r from the origin. 
Find the value of y on the circle and the corresponding 
value of y on the parabola in each case. The relation of 
these values may be used to measure the error due to the 
approximation. 

3. Find the angular aperture at the center of the circle 
for each point taken. 

Approximate Squares and Square Roots. There is a 
short method of squanng numbers and extracting their 
square roots which involves an approximation. Let us 
take the number 1.01 and consider it made up of 1.0+0.01. 
If we square this by use of the binomial theorem, we have 

1+0.02+0.0001-1.0201. 



I 

i 



This b nearly equal t» 1.02. If, therefore, we square 
our first term and add twice the second term, we have 
a rule for squaring such numbers as these. The square 
of 1.0019 is 1.0038036, to which 1.003S is a close approxi- 
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If the whole number is any other than unity, its ] 
value must be multiplied into the smaller term. 

By a similar process we may find the square root of 
1.04 to be 1.02, and that of 4.04 to be 2.01. 

The Slide Rule 

The slide rule is an instrument that gives approximate 
values and well illustrates the principle of negligibility. 
The following table shows its accuracy for certain processes: 



FiobLem- 


Solution by Slide 


Sotution br nvB 
PUmLog.. 


'-r- 


152X391X31 
86.4X0.028X4.95 
496+381 
292+468 
25X0.07X1.151 
378X0,98 J 


1842000 

11.97 
1.303 

0.624 
0.00543 


1842400 
11,975 
1.3018 
0.62394 

0.0054327 


0.022 
0.042 
0.092 
0,0096 
0.05 



The Htudent should note the differences in the % of deviation. 
The Value of r. Much energy has iieen expended in 
obtaining values of t correct to a large number of decimal 
places. It has been carried out to 707 places. (See Seven 
Follies of Science by Phin.) If jr is carried out to six 
or seven places, it is sufficient for all purposes. The j 
value 3^ will answer for the majority of cases. It will « 
prove convenient to remember that t^=9.87 to a very close | 
approximation. 
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PROBLEMS 

1. Find the error due to using the value 3\ carried out 
to four decimal places, for t. 

2. Find the error due to using the value 9.87 for ir^, 
when T is carried out to four places. 

3. We are accustomed to assume in physics that the 
coeflScient of cubical expansion of a solid is three times 
that of the linear expansion. What error does this involve 
when a bar of brass, 100 cm. long at 0*^ C, is heated to 
100° C? 

The error involved in using a mirror and scale (Poggen- 
dorfif's method) is discussed in Stewart and Gee's Practical 
Physics, Vol. I, p. 55. 

CRITERIA FOR NEGLIBILITY 

It often happens that in a series of measurements of 
the same quantity, there are one or more values which do 
not compare well with the others. The question arises, 
what shall be done with these observations? They seem 
to have been taken with equal care with the others, and 
there seems to be no particular reason for rejecting them. 
Several criteria have been proposed for testing such obser- 
vations. 

The Huge Error. We find the mean and average 
deviation (a.d.) omitting the doubtful observation; then 
find the difference between the doubtful observation and 
the mean, and if this equals or is greater than 4 a,d., it 
should be rejected. 

Suppose we have a set of measurements: 10, 9, 10, 
9. 12. The last measurement is questionable. The mean 
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i89.5. a.d.=Q.5. 12-9.5 = 2.5. 4X0.5=2.0. Then 
urement should be rejected. 



The following length measurementa (centimeters) havo 1 



been talie 



D.l, 60.2, 60.3, 59.9, 58.3, 63.1. Apply the 



method to the last two results. 

Cbauvenet's Criterion. This is a more elaborate 
method. We may let t stand for the ratio between the 
limiting error (x) and the probable error of a single observa- 
tion (r). If there are n errors, we may assume that nP 
will be the number less than x, and n — nP the number 
greater than x. 

Then, by definition 

n-nP = i. 

271 • 



P-^^j^e-'dt. (See page 15.) 



If we equate these two values of P and solve, we may find I 
a value of t corresponding to any value of n. A few \ 
common values of n are given: 



» 


. 


- 


. 


- 


. 


3 


2.05 


7 


2.67 


11 


2.96 


4 


2.27 


8 


2.76 


12 


3.02 


S 


2.44 


9 


2.84 


13 


3.07 


6 


2.57 


10 


2.91 


14 


3.12 
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Since the limiting error, x^tr, we have only to find 
these two values and compare. 

Let us take the following data: 12, 13, 12, 13, 13, 15. 
The mean is 13 and 

2;t;2=6. r= 0.6745-^^ =0.6745-X= 0.74. 

For n=6, ^=2.57, a:=«r=1.9. 

The deviation of the term in question is 2.0 and it should 
be rejected. 

PROBLEM 

The following observations were taken with a transit, 

43^ 52' 26".4 

28 .5 

27 .8 

28 .0 
31 .3 
30 .2 
27 .9 

Test such observations as may be necessary by Chau- 
venet's Criterion. 

Criterion for Negligibility for Deviation in Components 

When the deviation in any component contributes 
but little to the deviation in the result, it is sometimes 
proper to neglect it altogether. We know that the error 
in the final result, 



A - VAi2+A?+777a7 
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Suppose A2 is the quantity under investigation. 



where A2^ has been omitted. 

A— Ao = the reduction in the deviation in the resold 
due to omitting ia. We may assume this value to be anyJ 
thing we please, depending upon the accuracy we requi 
If we insist, as some authors suggest, that it be equal ( 
or less than ^Vi, we have 

Ao>0.9A. 
But A22 = A2-Ao2=A2(l-0.93)=0.19A3. 
A2 = 0.43A. 

We may thus neglect a deviation if it contributes leas t 
0.43 of the total deviation of the result. A more rigirf 
criterion could, of course, be determined by substituting 
a smaller value for the jV. 

Significant Figures. This ia a subject that may be 
properly treated under the head of negligibiUty. At each 
stage in a series of measurements the student should look 
over his work and eliminate such figures as lend nothing 
to its precision. A rather full treatment of this subject 
is given in Holman's Precision of Measuremerds, to which 
the student is referred. 

The following rules of precision are given: 

1. When a rejected figure is five or over, increase the 
previous figure by one. 

If we decide to drop the 7 in 14.637, we should write j 
it 14.64. 
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2. In the deviation measure, we should retain two 
significant figures. Thus a.d. =0.062; r=1.6. 

3. In our measured quantity, we should retain places 
corresponding to the second significant figure in the devia- 
tion measure. 

m= 368.731 ±0.21 becomes 368.73, 
m=406.67±2.6 becomes 406.7. 

4. In adding quantities, retain such places as corre- 
spond to the number having the largest deviation measure. 



Quantity. 


a.d. 


Result. 


374.20 


0.36 


374.20 


4768.121 


0.012 


4768.12 


984.1698 


0.0021 


984.17 



6126.49 

5. In multiplication and division, find the quantity 

whose -^— * is the greatest. From this find the percentage 

precision and if this is 1 per cent or more, use four significant 
figures; if between 1 and 0.1 per cent use five significant 
figures; if between 0.1 and 0.01 per cent, use six significant 
figures. 

If we have to multiply 41.6db0.4 by 590.25db0.06, 

we note that — — is greater for the first than for the second. 

tn 

As this is less than 1 per cent, we should retain five sig- 
nificant figures, giving 24556 as a result. 
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PROBLEMS 

1. We have given the number 504.628 with the fol- 
lowing deviation measures: A.D.=0.21: f= 0.031; cor- 
rect to one part in one hundred; correct to two per cent. 
What is the proper expression for the number in each case? 

2. Add 

21.42 ±0.61 
338.161±0.042 
543.1 dbl.5 

3. Multiply 

630.45db0.62 by 25.635db0.024. 



CHAPTER VIII 
EMPIRICAL FORMULAE AND CONSTANTS 

Definitions. A mathematical formula is one that is de- 
duced by a process of reasoning along mathematical lines. 
The formula for the distance passed over /by a falling body is 
an illustration. 

S—vot+iafi is derived from certain definitions of 
velocity and acceleration, to which mathematical processes 
have been applied. 

An empirical formula cannot be derived in this man- 
ner, but depends upon the results of experiments which 
are treated in a manner to be described. The following 
is a typical empirical ^formula: 

9=980.6056-2.5028 cos 22-O.OOOOOSA. 

This has been made up from a large number of measvre- 
ments of g under various conditions of latitude (Z) and 
altitude (h). 

In order to explain the method employed in constructing 
empirical formulae, let us take an experiment illustrating 
the relation of the space passed over by a falling body, 
to the time of fall. 

77 
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The following may be assumed to be the results of the 
experiment: 

1 1 

2 4 

3 9 

4 16 

The obvious relation existing between t and 8 will be 
disregarded, and we will endeavor to find an empirical 



Fia.8. 

fonnola which fits the conditions. Our first step is to 
plot a curve. 

This is seen to have the characteristics of a parabola 
and we write the general equation, 

y:=S+Tx+Ux^+,etc. 

X has been substituted for t, and y for s. From this are 
found observation equations: 
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1=S+T+U 
4=S+2T+W 
9=S+3T+9U 
16=5+4r+16C^ 

The nonnal equations are: 

30=4S+10r+30C^ 
100=10S+30r+100C7 
354=30S+100r+354C^ 

When these equations are solved, we have 

T=0 
S=0 

and our equation becomes y=3^. 

If the experimenter had used only three seconds and 
had recorded an 8 instead of a 9, the values would have 
been 

t7=0.5 
7*= 1.5 
5= -1.0 

Giving y = — 1+ 1 .5a; +0.51*. 

Upon repeating the experiment as the space measurement 
approaches closer to 9 this formula approaches the value 
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While no one would think of actually applying this 
method to so simple a case, it affords a good illustration 
of the manner in which all empirical formulae are con- 
structed. 

Classes of Curves. The following are some of the 1 
common cmves from which these formulae may be con- J 
structed, together with their formulae and illustrations: 

1. Straight line. x=y. 

2. Parabolic. y=S+Tx+Ux +, etc. 

3. Cyclic. y=5+r sin %r+T' cos— 1+, etc. 

4. Logarithmic. t/ = 6e". 

5. Hyperbolic, xy — a. 

The formula for velocity due to gravity, v=gt, illus- 
trates the first class. The space passed over by a fallii^ 
body, the change in velocity of a river below its surface, 
and the growth of the United States in population, illustrate 
the second class. Cyclic curves may be used to represent 
the rise and fall of temperature, pressure, and humidity 
through a ^ven interval. The logarithmic curve represents 
plots made from Newton's law of cooling, the absorption 
of light for varj'ing thicknesses, and the gain due to com- 
pound interest. A familiar example of a hyperbolic curve 
is afforded by Boyle's law, pii = ct. This will plot a rec- 
tangular hyperbola. 

Rules. The method of procedure may be summarized 
in the following rules: 

1. Write the observation equation. 

2. Plot the curve. 
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3. Identify the curve and write its equation. 

4. Form the normal equations. 

5. Solve for the unknowns, and these give the values 
of the constants sought. 

It will be observed that every additional observation 
taken alters the values of the constants. 

EXERCISES AND PROBLEMS 

For the straight line and rectangular hyperbola an 
inspection of the data is generally sufficient to determine 
the value of the constant. 

For the parabola the following examples should be 
studied: 

1. Vertical velocity curve on the Mississippi river. 



Depth. 


Velocity. 


0.0 depth 


3 . 1950 feet per second 


0.1 


3.2299 


0.2 


3.2532 


0.3 


3.2611 


0.4 


3.2516 


0.5 


3.2282 


0.6 


3.1807 


0.7 


3.1266 


0.8 


3.0594 


0.9 


2.9759 



The curve is obviously a parabola. 
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The first two observation equations are 

3.I950=5+O.OT4-0.00(/, 
3.2299-S+0.17'+0.01t7. 

Write down the remaining eight observation eqiiatioiis,4 
form the normals, and solve. The results are 

5=3.19513 

3"= 0.44253 

i7= -0.7653, giving the formula 

F=3.19513+0.44253JE-0.7653Z2. 



Fic. 9. 



It will prove of interest to determine the velocity for 
each depth and compare with that obtained by experiment. 
(Why should they fail to check?) 

2. The growth in the population of the United States 
is a good illustration of this curve, although from the nature 
of the case the results are not very reliable. In Popular 
Science Monthly for April, 1910, page 382, a set of curves 
are drawn for various countries. It will be seen that Sweden 
and Norwaj-, Turkey, Spain, ant! Italy may be fairly rep- 
resented by straight lines. The United States shows an 



1 
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easily recognised parabola. In the article referred to the 
complete solution of the census problem is given. 
3. The following illustrates a cyclic curve: 



$ 


F 


e 


F 




0^ 


20 


200° 


14 




20 


38 


220 


-13 




40 


51 


240 


-24 




60 


64 


260 


-30 




80 


68 


280 


-28 




100 


70 


300 


-24 




120 


64 


320 


-13 




140 


53 


340 


- 2 




160 


16 


360 


20 




180 


20 









2ir 
Substitute for — x in the equation and plot the curve. 

m 

Use the first three terms and form an observation equation 
for each value of 0. We have for the first four observa- 
tion equations: 



2o=s+rsin o*+r 

88«S+r sin 20^+r cos 20* 
51= S+T sin 40^+r cos 40* 
64=S+r sin 60*+r cos 60* 



Normal equations for S^ T, and T' are formed from these 
and their solution supplies the values of the constants in 
the formula. 

4. We may use Wlnkelmann's data showing the relar 
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tion between the temperature of a cooling body at differ* I 
ent times, as aji illustration of a logarithmic curve. 



18.9 


3.45 


MI.9 


10-85 


14.9 


19.30 


12.9 


28.80 


10.9 


40.10 


8.9 


53,75 


6.9 


ro.95 



The logarithmic relations of these quantities is not 
obvious by direct inspection. It is reached by the fol- 
lowing process: We assume that the ratio at which a body 
loses heat (~dQ) is proportional to the difference between 
its temperature and that of its surroundings. This is es> 
iby 



By definition of specific heat 

Q = sde. 

Substitute this in the equation above 

— j: =a9, where a=- and flo=0. 
at s 

From this we get by integrating 

logfc— logd=o/. 
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Now if Oi represents temperature at time h, and 02 tem- 
perature at time t2f we have 

Iog6-log0i=ali; 
log 6— log 02 =0^2; 

From which a = : — 7- log tt- 

Take 02=19.9 and substitute the values of for 0i 
and show that a is a constant, approximately equal to 
0.0065. 

Such an equation as ^"^ ""^^i where the change in a 

quantity b proportional to the quantity itself, is called 
a ** compound interest equation.'' 
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Blaadale, W. C. Quantitatiire Chemical Analysis. (Tan 

Hostrand'a Textbooks) larao, *a 50 

Bligh, W. G. The Practical Design of Irrigation Works. .8vo, '6 00 
Blocfa, L. Science of Illumination. {Trans, by W, C. 

Clinton) Svo, 'n 50 

Blok, A. Illumination and Artificial Lighting izmo, *i 15 

Blucher, H. Modem Industrial Chemistry. Trans, by J. P. 

Millington Svo, '7 50 

Blyth, A. W. Foods: Their Composition and Analysis. . .Bvo, 7 yt • 

—^Poisons; Their Efiects and Detection 8vo, 7 50 
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Bdckmaan, F. Celluloid iimo, *i 

Bodmer, G. R. Hydraulic Hoton and Turbines tuno, 5 

Boiieau, J. T. Traverse Tables 8T0, 5 

Bonney, G. E. The Electro -plater's Handbook..... lamo, i 

Booth, N. Guide to RiuK-Spinning Frame. . , iimD, *i 

Booth, W. H. Water Sofiening and Treatnieut.. 8vo, *> 

Superheaters and Superheating and their Control. ..Sto, *i 

Bottcher, A. Cranes: Their Construction, Mechsnical Equip- 
ment and Working. Trans, by A. Tolhausen 4to, *io 

Boitler, M. Modern Bleaching Agents. Trans, by C. Salter. 

Bottone, S. fi. Hagnetos for Automobilists iimo, *i 

Bonlton, S. B. Preservation of Timber. (Science Series No. 

8a.) iGmo, o 

BouTcait, K. Insecticides, Fungicides and Weedkillers, . ,8to, '4 
Bourgougnon, A. Physical Fiohlems. (Science Series Ro. 113.) 

i6nio, o 
Bourry, E. Treatise on Ceramic Industries. Trans, by 

A. B. Searle 8to, '5 

Bowie, A.J., Jr. APractical Treatise on Hydraulic Mining, Sto, ; 
Bowles, 0. Tables of Common Socks. (Science Series, 

Mo, 125 ) , . i6mo, o 

Bowser, E. A. Elementary Treatise on Analytic Geometry. i>mo, 1 
Elementary Treatise on the Differential and Integral 

Calculus lamo, 1 

Bowser, B. A. Elementary Treatise on Analytic Mechanics, 

Iimo, 3 

Elementary Treatise on Hydro -mechanics iimo, 1 

A Treatise on Roofs and Bridges iimo, *a 

Boycott, C. W. M. Compressed Air Work and Diving. -Sto, '4 

Bragg, E. M. Marine Engine Design lano, ** 

Design of Marine Eogines and Auxiliaries *3 

Bratnard, F. R. The Sextant. (Science Series No. ioi.).i6mo, 

Braisey's Naval Annual for 1915. War Edition... ...Bvo, 4 

Brins, R., and Wolff, A. R. Steam -Heating. (Science Series 
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1 


Bright, C. The Life Story of Sii Cbailea Tilson Biight. ,avo. 


'4 y> 




Brislee, T. J. Intioduction to the Study of Fuel. ( Outlines 






of Industrial Chemistry. 1 8vo, 


*3 oo 




Broadfoot, S. K. Motors Secondary Batteries. (.InstailaUon 






Manuals Series. ) i2nio. 






Bcoughton, H, H. Electric Cranes and Hoists 


o 50 




Brown, G. Healthy Foundations, (ScienceSeriesI[o.8o.;.r6mo, 




Brown, H, Irrigation 8to, 


•5 00 




Brown, H. Rubber 8to, 


*3 oo 




Brown, Wm. N. The Art of Enamelling on MeUl ismo, 


*i 00 




Handbook on Japanning... iimo, 


•1 so 




House Decorating and Painting ramo. 


'1 50 




1 History of Decorative Art iimo. 


•i as 




1 Dipping, Burnishing, Lacquering and Bronzing Brass 






1 ' Ware lamo. 


•i 00 




f Workshop Wrinkles 8vo, 


•i 00 




Browne, C. L. Fitting and Erecting of Engines .8vo, 


■1 so 




Browne, fi.E. Water Meters. (Science Series Mo. 8i. I. ifimo, 


50 




Bruce, E. M. Pure Food Tests .iimo, 


•i as 




- Bruhna, Dr. New Manual of Logarithms 8vo, cloth, 






Half morocco, 


1 50 




Bmnner, H. Manufacture of Lubricants, Shoe Polishes and 






Leather Dxesainga. Trans, by C. Salter 8vo, 


•3 00 




Buel.R. H. Safety Valves. (Science Series No. ii.) . i6mo. 


so 




Burley, G. W. Lathes, Their Constmclion and Operation, 






Burnside, W. Bridge Foundations iimo. 


■i 15 




Burstall, F. W. Energy Diagram for Gfls. With text...STD, 


I so 




Diagram sold separately 






Burt, W. A. Key to the Solar Compass i6mo, leather, 


2 50 




Buakett, E. W. Fire Assaying umo, 


•1 as 




Butler, H. J. Motor Bodies and Chasis 8to, 


•a so 




Byers, H. G., and Knight, H. G. Notes on QualiUtJve 






Analysis Byo, 


•1 50 
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Cain, W, Brief Course in the Calculus lamo, 

Elastic Arches. (Science Series No. 48. 1 i6ino, 

Maiimum Stresses, (Science Series No. 38. J 161110, 

Practical Dsigniag Retaining of Walls. (Science Series 

No. 30 iSnio, 

Theory of St eel -concrete Arches and of Vsalted Struc- 
tures. ( Science Series, Ho. 4a) i6mo, 

Theory of Toussoit Arches. IScience Series No. iz.) 

Symbolic Algebra. (Science Series Ho. 73,) i6mo. 

Carpenter, F. D. Geographical Surveying, (Science Series 

Ho. 37. ) i6mo. 

Carpenter, R. C, and Diederichs, H. Internal -Combustion 

Engines 8vo, 

Carter, K. A. Ramie (Rhea), China Grass iimo, 

Caner, H. R. Modem Flax, Hemp, and Jute Spinning. . ,Svo, 

Bleaching, Dyeing and Finishing of Fabrics 8vo, 

Cary, E, R, Solution of Railroad Problems With the Use of 

the Slide Rule i6mo, 

Caaler, M. D. Simplified Reinforced Concrete Mathematics, 

Cathcart, W, L. Machine Design. Part I. Fastenings. . Bvo, 
Cathcart, W. L., and Chaffee, J. I. Elements of Graphic 

Statics ,Bvo, 

Short Course in Graphics ., iimo, 

Caven, R. H., and Lander, G. D. Systematic tnorganlc Chem- 
istry lamo, 

Chalkley, A. P. Diesel Engines Bvo. 

Chambers' Mathematical Tables Bvo, 

Chambers, G. F. Astronomy i6mo, 

Cbappel, E. Five Figure Mathematical Tables Svo, 

Chatnock. Mechanical Technology Bvo, 

Charpentier, P. Timber Svo, 

Chatley, H. Principles and Designs of Aeroplanes. {Science 

Series.i i6mo, 

Bow to Ose Water Power iimo, 

— Gyrostatie Balancing $vo. 
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Child, C. D. ElMtrie Area 8vo, 

Christiari, H. Disinfection and Diainfectaats. Tians. by 

Chaa, Salter . . 

Christie, W, W. Boiler-watera, Scale, Conosion, Foaming, 

Bvo, 

Chimney Design and Theory 8vo, 

Furnace Draft. (Science Series, Ko. 123) 161110, 

— Water, Ita Purification and Hae in the Indaatriea. .. 
Chinch's LsboTBtory Guide. Rewritten by Edward Kinch.Svo, 

Clapperton, G. Practical Papermaking Bvo, 

Clark, A. G. Motor Car Engineering. 

Vol. I. Construction * 

V0I.U. Deaign U" i'r 

Clark, C, H. Marine Gas Engines lamo, * 

Clark, J. M. Hew System of L&y\n% Out Railway Turnouts, 



Clarke, J. W., and Scoll, W. Plumbing Practice. 

Vol. I. Lead Working and Plumbers' Materials. .Svo, *4 00 

Vol. II. Sanitary Plumbing and Fittings {In Press.) 

Vol. III. Practical Lead Working on Hoofs (hi Press.) 

Clarkson, R. B. Elementary Electrical Engineering. 

(.In Press.) 
Clansen-Thue, W. A B C Oniveraal Commercial Telegraphic 

Code. Sixth Edition {J„ Press.) 

Clerk, D., and Idell, F. E. Theory of the Qga Engine. 

(Science Series No. 6a.) , i6nio, o 50 

Clerenger, S. R. Treatise on the Method of Government 

Surveying i6rao, mor., a s° 

Clouth, F. Rubhei, Gutta-Percba, and Balsta Bvo, *s 00 

Cochran, J. Treatise on Cement Specifications Svo, *i 00 

Concrete and Reinforced Concrete Specificationa. . , .Bvo, *a 50 

Cochran, J, Inspection of Concrete Construction Bvo, '400 

Coffin, J. H. C. Navigation and Nautical Astronomy, .iimo, *3 jo 
Colbum, Z., and Thurston, R. H. Steam Boiler Explosions. 

( Science Series No. 2. ) i6mo, a so 

Cole, S. S. Treatise on Photographic Optics umo, t 50 
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ColM-Fineh, W. Water, Its Ongin and Use 8to, *5 oa | 

Collins, J. E. Useful Alloys and Memoranda (or Goldsmitbi, 

Jewelers i6mo, o 

Collis, A. G. High and Low Tension Switcb-Gear Design. 8vo, *3 S" ' 

-SwiCcbgeai. (InstallatioD Manuals Series.j itmo, o 50 

Comstock, D. F., and Ttoland, L. T. The Katuie of Matter 

and Electricity. (/« Prtsi.) 

Coombs, H. A. Gear Teeth, (Science Series No. iio)...i6mo, o 50 

Cooper, W. R. Primary Batteries 8to, "4 00 

Coppeithwaile, W. C. Tunnel Shields 4tO, *9 00 

Corfield, W. H. Dwelling Houses. (Science Series No, 50,) i6mo, o 50 

Water and Water-Supply. (Science Series Ifo. 17.). .i6mo, o 50 

Cornwall, H. B. Manual of Blow-pipe Aiuktysis 8vo, *i So 

Cowee, G. A. Practical Safety Methods and Devices. .. .Svo, *3 00 

Cowell, W. B, Pure Air, Ozone, and Water ijmo, *2 oa 

Craig, J. W,, and Woodward, W. P. Questiona and Answers I 

about Electrical Apparatus lamo, IcAther, i go ^^M 

Craig, T. Motion of a Solid in a Fuel. (Science Series No. 49.) ^H 

9« ^^H 

Wave and Vortex Motion. (Science Series Ho. 43.), i6mo, o $0 ^^M 

Cramp, W. Continuous Current Uachine Design 8to, *] SO ^^H 

Greedy, F. Single-Phase Commutator Motors Sto, *a oO ^^M 

Crocker, F. B. Electric Lighting. Two Volumes. Svo. ^^M 

Vol. I. The Generating Plant 300 ^^M 

Vol.11. Distributing Systems and Lamps ^^| 

Crocker, F B., and Arendt, H. Electric Motors Svo, *i 50 ^^M 

^and Wheeler, S. S. The Management of Electrical Ha- ^* 

chinery lamo, *i 00 

Cross, C. F., Bevan, E. J., and SindaU, B. W. Wood Pulp and 

Its Applications. (Westminster Series.) 8TO, *a 09 

Crosskey, L. S, Elementary Perspective. Svo, i 00 

CrOBskey, L. R., and Thaw, J. Advanced Perspective 8vo, i 50 

Cullef, j, L. Theory of Arches. (Science Series No. 87.) i6mo, SO 

CuBhing, H. C, Jr„ and Harrison, H. Central Station Han- |^_ 

agement *i 00 ^^H 

Dtdourian, H. M. Analytical UechtBica tn. '3 «• ^^^| 
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Dana, R. T. Handbook of Conatiuction Plant.. lamo, leather, *_ 

Handbook of Construction Efficiency (/n Press.} 1 

Danby, A. Natural Kock Asphalts and Bitumens 8vo, * 

Davenport, C. The Book. (Westminster Series, i 8vo, •: 

Davey, M, The Gas Turbine Bvo, *4 oa 1 

Davies, F. H. Electric Power and Traction 8vo, •: 

Foundations and Machtneiy Fixing. (Installation Manuals 

Series ) i5mo, ' 

SeeiT, H. Sugar Cane Svo, 

Deite, C. Uanual of Soapmaking. Trans, by S. T. King. -4to, *5 oo I 
De U Cottx, H. The Industrial Uses of Water. Trans, by A. 

Morris 8vo, '4 50 J 

Del Mar, W. A. Electric Power Conductors Svo, ". 

Denny, G. A. Deep-Level Hines of the Rand 410, *ii 

— — Diamond Drilling lor Gold 'S 00 1 

De Roos, J. D. C. Linkages. (Science Series No. 47.), , .iGmo, 1 

Derr, W. L, Block Signal Operation Oblong larao, *. 

Maintenance of Way Engineering {In Prepiralion,) | 

Desaint, A. Three Hundred Shades and How to Mix Them , 

De Varona, A. Sewer Gases. (Science Series Ho. 55.)... i6mo, o 50 1 
Devej, R. G. Mill and Factory Wiring. (Installation Manuals 

Series.) lamo, * 

Dibdin, W. J. Purification of Sewage and Water. ... .8vo, 

Dichman, C. Basic Open-Hearth Steel Process .Svo, *3 50 I 

Dieterich, K. Analysis of Kesins, Balsams, and Gum Reaina 

Svo, *3 00 I 

Dilworth, E, C. Steel Railway BHdges 4to, ' 

Dinger, Lieut. E. C. Care and Operation of Naval Machinery 

Dizoni D. B. Machinist's and Steam Engineer's Practical Cal- 
culator i6mo, mor.. 

Dodge, G. F. Diagrams for Designing Reinforced Concrete 

Structures .folio, * 

Dommett, W. E. Motor Car Mechanism lamo, * 

Dorr, B. F. The Surveyor's Guide and Pocket Table-book. 

i6mo, mor., 
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Draper, C. H. Elementary Text-book of Light, Heat and 

Sound i2mo, i oo 

Draper, C. H. Heat and the Principles of Thermo-dsmamics* 

i2mo, a oo 

Dron, R. W. Mining Formulas lamo, i oo 

Dubbel, H. High Power Gas Engines 8vo, ^500 

Dumesny, P., and Noyer, J. Wood Products, Distillates^ and 

Extracts 8vo, *4 50 

Duncan^ W. G., and Penman, D. The Electrical Equipment of 

Collieries 8vo, % 00 

Dunstan, A. E., and Thole, F. B. X. Textbook of Practical 

.Chemistry ismo, *i 40 

Duthie, A. L. Decorative Glass Processes. (Westminster 

Series) 8vo, *2 00 

Dwight, H. B. Transmission Line Formulas Svo *2 00 

Dyson, S. S. Practical Testing of Raw Materials Svo, *5 00 

and Clarkson, S. S. Chemical Works Svo, ♦y 50 

Eccles, W. H. Wireless Telegraphy and Telephony. .lamo, ""4 50 
Eck, J. Light, Radiation and Illumination. Trans, by Paul 

Hogner Svo, *a 50 

Eddy, H. T. Maximum Stresses under Concentrated Loads, 

Svo, I 50 
Eddy, L. C. Laboratory Manual of Alternating Currents, 

lamo, o 50 
Edelman, P. Inventions and Patents xamo '^i 50 

Edgcumbe, K. Industrial Electrical Measuring Instruments . 

Svo. 
Edler, R. Switches and Switchgear. Trans, by Ph. Laubach. 

Svo, *4 00 

Eis8ler,M. The Metallurgy of Gold Svo, 7 50 

The Metallurgy of Silver Svo, 4 00 

The Metallurgy of Argentiferous Lead Svo, 5 00 

A Handbook of Modem Explosives Svo, 5 00 

Ekin, T. C. Water Pipe and Sewage Discharge Diagrams 

folio, *3 00 



AND rOMPANVS SnOST- 
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Electric Light Carbons, Manufacture of ....8to, 

£liot, C. W., and Storer, F. H. Compendious Manual of Qualita- 
tive Chemical Analysis ijmo, 

EIUb, C. EydiogenatioD of Oils 8vd, 

Ellis, G. Modern Teclinical Drawing 8VD, 

EnniSjWm. D. Linseed Oil and Other Seed Oils 8vo, 

Applied Thermodynamics 

Flying Machines To-day. 

Vapors for Heat Engines 

Ermen, W. F. A. Materials Used in Sizing. 

Erwin, M. The tTniverse and the Atom iimo 

Evans, C. A. Maeadamiied Roads (h 

Ewing, A. J. Magnetic Induction in Iron 8vo, 

Fairie, J. Moles on Lead Ores 

— Holes on Pottery Clays - 

Fairley, W., and Andre, Geo, J. Ventilation ot Coal Mines. 

(Science Series Ho. 58.) i6mo, 

Pain^ather, W. C. Foreign and Colonial Patent Laws 

Falk, M. S. Cement Mortats and Concretes Sva, 

Fanning, J, T. Hydraulic and Water-supply Engineering. 8vo, 

Fay, I. W. The Coal-tar Colors 

Fernbach, H. L, Glue and Gelatine. . 

Chemical Aspects of Silk Manufacture. 

Firth, J. B. Practical Physical Chemistry lamo, 

Fischer, E. The Preparation of Organic Compounds. Trans. 

by H. V. Stanford 

Fi<h, J, C. L. Lettering of Working Drawings. . . .Oblong 8vo, 
Mathematics of the Paper Location of a Railroad, 

Fisher, H. K. C, and Darby, W. C. Submarine Cable Testing. 

Svo, 
Fleischmann, W. The Book of the Dairy. Trans, by C. H. 

Fleming, J. A. The Alternate -cnrrent Transformer. Two 

Volumes , Svo, 

VoL I. The Induction of Electric Currents. 

Vol. II. The Utilization of Induced Currents 





^ 
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FleminKi J- A. Propagaiion of Electric Carrenta .... .8vo, '3 00 
A Handbook for the Eletlrical Laboratory and Testing 

Room. Two Volumes 8vq, each, '5 00 

Fletuf, P. PreparatioD dod Uses of Wliite Ziac Paints, avo, 'a so 
Flynn, P. J. Flow of Water. (Science Series Ho. 84.) . lamo, o 50 

Hydi-aulic Tables. tSciecce Series No. 66.>.... ifimo, o 50 

Forgie, J. Shield Tunneling .Svo. {In Press.) 

Foster, H. A. Electrical Engineeis' Pocket-book, (Sit-entli 

Kdilii-n.\ . 1 2mo, leather, s 00 

Engineering Valuation of Public CFtilities and Factories, 

Bvo, '3 00 

^ Handbook of Electrical Cost Data 8vo. (In Frfss) 

Fow'.B, F. F. Overhead Transmissioa Line Crossings.. . .umo, '1 50 

The Solution of Alternating Current Problems. . .8vo (/n Prr/if.) 

F0J,W.G. Transition Curves. (Science SeriesHo. no. i.i6mo, o 50 
Fox, W,, and Thomas, C. W. Praclical Course in Ucchamcal 

Drawing limo, i 15 

Foye, J, C. Chemical Problems, i Science Series No. 69. i.i6mo, o 50 

Handbook of Hinerslogy. {Science Series Ro. 86,}. 

t6mo, o 50 

Francis, J, B, Lowell Hydraulic Eiperiments 410, 15 00 

Pranten, H. Eieicises in Gas Aoalyiia . .iimo, 'i 00 

French, J. W. Machine Toots. 1 vols 4to, '15 00 

Freudemacher, P. W. Electrical Mining InBtallatJons. |ln- 

stallation Manuals Series.) . lamo, *i 00 

Frith, J. Alternating Current Design Svo, 'i 00 

Frilsch, J. Manufacture of Chemical Mtntires. Trans, by 

D. Grant . 8vo, '4 00 

Frye, A. I. Civil Engioeets' Pocket-book iimo, leather, 's ™ 

Fuller, G. W. Investigations into the Purification of the Ohio 

River, . -. - .4(0, *io 00 

Fumell, J. Paints, Colors, Oils, and Vamishei Svo, *i 00 

Galrdner, J. W. I. Earthwork. Sro (/n Pnag.) 

Gant, L. W. Elements of Electric Traction Svo, *] 50 

Garcia, A. J. B. V. Spanish English Railway Terms. Svo, *4 jo 
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Garforth, W. E. Rules for Recovering Coal Mines aftei Explo- 
sions and Fires iirao, leather, 

Garrard, C. C. Electric Switch and Controlling Gear (In Press.} 1 

Gaudard, J. Foundations. (Science Series Ho. 34.^ i6mo, 

Gear, H. B., and Williams, P. F. Electric Central Station Dis- 

trilmting Systems avo, 

Geerligs, H. C. P. Cane Sugar and Its Manufacture 8vo, ' 

Geikie, J. Structural and Field Geology 8vo, 

-Mountains, Their OrJEin, Growth and Decay Bro, 

The Antiquity of Man in Europe Bvo, *3 00 ^ 

Georgi, F., and Schubert, A. Sheet Metal Working. Trans. 

by C. Sailer 8vo, 

Gerhard, W. P. Sanitation, Water-supply and Sewage Dis- 
posal of Country Houses _ lamo, 

Gas Lighting, (Science Series No. 111.) i6ino, 

Gerhard, W. P. Household Wastes. (Science Series No, g?.) 

House Drainage. {Science Series No. 63.) , ..i6mo 

Sanitary Drainage of Buildings. (Science Series No. 93.) 

Gerhardi, C. W. H. Electricity Meters 81/0, *4 00 V 

Geschwind, L. Manufacture of Alum and Sulphates. Trans. 

by C. Salter 8vo, *5 ool 

Gibbings, A. H. Oil Fuel Equipment for Locomotives. . .Svo, * 

Gibbs, W. E. Lighting by Acetylene. , lamo, 

Gibson, A. H. Hydraulics and Its AppUcation 8vo, 

Water Hammer in Hydraulic Pipe Lines , .".iimo, 

Gibson, A. H., and Ritchie, E. O. Circular Arc Bow Girder. 4tD, *3 50 

Gilbreth, F. B. Motion Study 

■ Bricklaying System S70, 

-Field System. ismo, leather, 

Primer of Scientific Management 

Gillette, H. P. Handbook of Cost Data iimo, leather, 

Rock Excavation Methods and Coat .iimo, leather, *sooT 

Handbook of Earth Excavation (In Press.} 

— Handbook of Tunnels and Shafts, Cost and Metbods 

of Construction , (.In Press-Y 

•- — Handbook of Soad Construction, Metbods and Cost, . (/» Presttiy 
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Gillette, H. P., and Dana, R. T. Cost Keeping and Manage- 
ment Engineering 8vo, *3 50 

and Hilly C. S. Concrete Construction, Methods and 

Cost 8vo, *5 00 

Gillmore, Gen. Q. A. Limes, Hydraulics Cement and Mortars. 

8vo, 4 00 

Roads, Streets, and Pavements i2mo, 2 00 

Godfrey, £. Tables for Structural Engineers. .i6mo, leather, *2 50 

Golding, H. A The Theta-Phi Diagram iimo, *i 25 

Goidschmidt, R. . Alternating Current Commutator Motor . 8vo, *3 00 

Goodchild, W. Precious Stones. (Westminster Series.) . 8vo, *2 00 

Goodeve, T. M. Textbook on the Steam-engine i2mo, 2 00 

Gore, G. Electroljrtic Separation of Metals Svo, *3 50 

Gould, £. S. Arithmetic of the Steam-engine i2mo, i 00 

Calculus. (Science Series No. 112.) i6mo, o 50 

High Masonry Dams. (Science Series No. 22.) . . . i6mo, o 50 

Practical Hydrostatics and Hydrostatic Formulas. (Science 

Series No. 117.) i6mo, o 50 

Gratacap, L. P. A Popular Guide to Minerals Svo, *3 00 

Gray, J. Electrical Influence Machines i2mo, 2 00 

Gray, J. Marine Boiler Design 1 . . . i2mo, *i 25 

GreenhJU, G. Dynamics of Mechanical Flight Svo. *2 50 

Greenwood, £. Classified Guide to Technical and Commercial 

Books Svo, *3 00 

Gregorius, R. Mineral Waxes. Trans, by C. Salter. . .i2mo, *3 00 

Grierson, R. Modern Methods of Ventilation (In Press.) 

Griffiths, A. B. A Treatise on Manures i2mo, 3 00 

Griffiths, A. B. Dental Metallurgy Svo, *3 50 

Gross, E. Hops Svo, ^4 50 

Grossman, J. Ammonia and its Compounds iimo, ^i 25 

Groth, L. A. Welding and Cutting Metals by Gases or Electric- 

ity«. (Westminster Series.) Svo, *a 00 

Grover, F. Modern Gas and Oil Engines Svo, *2 00 

Gruner, A. Power-loom Weaving Svo, *3 00 

GUldner, Hugo. Internal-Combustion Engines. Trans, by 

H. Diedrichs 4to, *io 00 





l8 D. %".\X XOSTHAVri company's SBORT-Xm^ CATALOG 

Gmtber, C O. Inttxratiiw •*«• *i 15 

Gurdcti, R. L. Ttavenc Tables Mm, kalf mm^ *j 50 

Cuj. A. E. Ezpenments on the Flenite of Beum Sro, *t 25 

Haeoig, A. Emery and tbc Emoy lodnsliy ..Sto, *a 50 

HAiDtMcb, R. PottcTT Decoration. Trans, bj C. Salta laoiit, '3 oa 

Hale, W. J. Calcolatjons of General Cbcmistri tim<t, *t oo 

Hall, C. H CbemisCiy of Painli *ai Paint Vehicles. iimo, *j 00 
Hall, G. L. Elemental? Theory of AltRiute CntreBt Woitk- 

ing -«To, »! 50 

Han, R. B. Govemors and GoTeraing Mechanism. iia«, ■) 00 
Hall, W. S. Elements of the Differential and Inteeral Calcoliti 

Sn», •! as 

~ ' Descriptive Geometry . . Sro volnme and 410 atlas, *3 50 

HaUer.G. F., and Cunningham, E.T. The Teisla Coil iiao, 'i 15 

Balaejr, F. A. SUde Vatre Gears.... iiaia, I so 

Tbe Oae ol the Slide Rule. (Sdenc* Series Ho. 114.) 

>6a«, o get 
Worm and Spiral Gearing. (Sdence Serws Ho. ti6>> 

Hancock, H. Textbook of Hechanics and Hjdrottalics.. Sto, ■ 50 
Hancock, W. C. Refractory BUtcrials. (MetaOiirEj Seriei-i/n />>ru.) 

Haidr, E. Elementary Piincipleg of Graphic Statics iioaai, *i 5B 

HarlDX. H. EngineeriBg Law. 

Vol. L Law of Contract , . Sro, '4 qa 

Harper, J. H. Hydraulic Tables on the Flow of Water. i6ao, 'a 00 

Harris, S. M. Practical Topographical Sttrreytag. (/« Puts.) 

Harriton, W. B. The Mechanics' Tool-book lUHO^ 1 50 

Hart, J. W. Eitemal Plumbing Work.. . S*o, '300 

Hints to Plumbers on Joint Wiping . gto, "3 «o 

Principles of Hot Water Sttppir Bm, "a oo 

Sanitary Plumbing and Drainage 810, *3 oa 

Haskins, C. H. The GalTaaometer and Its Vwe*. tftmo, ■ 50 

Hatt. J. A. H. The Colorist . - . square laae, *i ja 

Hausbnuid, E. Drying by Means o( Air and Steam. Trana^ 

byA. C. Whght I mo, *! M 
Evaporating, Condensing and Cooling Apparatus. Trans. 

by A. C. Wright «vo. 
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UausmatiD. E. Telegraph Engineeriag .8vo, *3 < 

Hauaner, A. Hnnufaclure ot Preserved F^iods .inil SwccImeatE. 

Trans, by A. Morris and U. Robson. . 8vo, *j i 

Rawkeswortb, T. Graphical Handbook for Reinforced Concrete 

Design. ... .4I0, '3 ! 

Hay, A. Contitmous Current Engineering 8vo, "i ] 

Hayei, H. V. Public Utilities, Their Cost New and Deprecia 

tian '. Bvg, 'i 1 

— ~ Public Utilities, Their Fair Preseol Value and Bcturn, 

Heath, F. H. ChemiatiT ol Photostaph}' Sto iIk I'rtiS 

Heather, H. }. S. Electrical Eogiueering 6*0, '3 • 

Heaviside, 0. Electromagnetic Theory. 

Vola, I and II 8T0, MCh, '5 ' 

Vol. Ill Syo, *7 ! 

Heck, H. C. H. Steam Engine and Turbine 8to. '3 ■ 

Steam-Engine and Other Steam Motors, Two Volumes. 

Vol, 1. Thermodynamics and the Mechanics.. 8vo, *$ ; 

Vol.11. Form, Construction and Working 8vo, '$ < 

Holes on Elementary Kinematics ... .8vo, boards, 'i 1 

Graphics of Machine Forces 8vo, boards, • 1 1 

Heermann, P. Dyers' Materials. Trans, b; A. C. Wright. 

Heidenreicb, E. L. Engineers' Pocketbook of Reinforced 

Concrete - i6mo, leather. " j > 

Hellot, Macquer and D'ApIigny. An of Dyeing Wool, Silk and 

Cotton-.. - . . 8vo. "j ■ 

Henrici, O. Skeleton Structures 8vo, i : 

Bering:, D. W. Essentials of niysIcB for College Students. 

8vo, *i 
Kering-Sbaw, A. Domestic SanitmtJon and Phunbitig. Two 

Vols.. 8V0, '5 I 

Elementary Science 8»o, 'a ■ 

Herington, C. F. Powdered Coal as a Fuel (/« Prcu 

Hermann, G. The Graphical Statics of Mechanism. Trans. 

by A, P. Smith . , iimo, 1 . 

Berzfeld. J, Testing of Yarns and Textile Fabrics . .8vo, '3 




Hildebrandt, A. Airships, Past and Present...^ ,,,.., , . .8vo, *3^ 
Hildenbraod, B. W. Cable-Haking. (Science Series No. 32.) 

lEmo, o 5a 

Hilditch, T. P. Concise History of Chemistry lamo, +1 15 

Hill, C. S. Concrete Inspection i6ino, *i 00 

Hill, C. W. Laboratory Manual and Notes in Beginning ^^^^| 

Chemistry {In Pres^^^^^^ 

UiU, J. W. The Purification of Public Water Supplies. Nenr '^^^f 

Edition (/n Prew.J^^^ 

^- — Interpretation of Water Analysis (In Press.) 

Hill, M. J. M. The Theory of Proportion Bvo, *a 50 

Hiroi, I. Plate Girder Construction. (Science Series No, 95.) 

— — Staticalty-IndeterminaCe Stresses.. . , , iimo, 

Hirshfeld, C. F. Engineering Thermodynaimcs. (Science 

Series No. 45 ) i6mo. 

Hoar, A. The Submarine Torpedo Boat lamo, *a 00 

Hobart, H. M. Heavy Electrical Engineering... . .. 8to, *4 so 

Design of Static Transformers lamo, *a 00 

Electricity Bvo, *i 00 

Electric Trains. 8vo, *]: 50 

Electric Propulsion of Ships 8vo, *i 00 

Hobart, J. F. Hard Soldering, Soft Soldering, and Brazing , 

Hobbs, W. R. P. The Arithmetic of Electrical Measurements 

HoS, J. N. Paint and Varnish Facts and Formulas. .... i^mo, *i 50 

Hole, W. The Distribution o[ Gas ... 8vo, *7 50 

Holley, A. L. Railway Practice. folio, 6 00 

Hopkins, N. M. Model Engines and Small Boats lamo, i 25 

Hopkinson, J., Shoolbred, J. N., and Day, R. E. Dynamic 

Electricity. (Science Series No. 71.). . . i6mo, o so 

Horner, J. Practical Ironfounding. 8vo, •» 00 

Gear Cutting, in Theory and Practice Bvo, '300 

Houghton, C. E. The Elements of Mechanics of Materials, i imo, '1 00 

HoustouD, R, A. Studies in Light Production iimo, 
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Hovenden, F. Practical Mathematics for Young Engineers, 

zamOy *z 00 

Howe, 6. Mathematics for the Practical Man i2mo, '"z 25 

Howorth, J. Repairing and Riveting Glass, China and Earthen- 
ware 8vo, paper, *o 50 

Hojrt, W. F. Chemistry by Ezperimentation (In Press.) 

Hubbard, £. The Utilization of Wood-waste 8vo, *2 00 

Hubner, J. Bleaching and Dyeing of Vegetable and Fibrous 

Materials. (Outlines of Industrial Chemistry.) .8vo, *s 00 

Hudson, O. F. Iron and Steel. (Outlines of Industrial 

Chemistry.) Svo, *2 00 

Humphrey, J. C. W. Metallography of Strain. (Metallurgy 

Series) (In Press.) 

Humphreys, A. C. The Business Features of Engineering 

Practice Svo, *i 25 

Hunter, A. Bridge Work Svo (In Press,) 

Hurst, G. H. Handbook of the Theory of Color Svo, *2 50 

Dictionary of Chemicals and Raw Products Svo, 

Lubricating Oils, Fats and Greases Svo, 

Soaps Svo, 

Hurst, 6. H., and Simmons, W. H. Textile Soaps and Oils, 

Svo, 
Hurst, H. B., and Lattey, R. T. Text-book of Physics Svo, 

Also published in Three Parts: 

VoL I. D3mamics and Heat '''i 25 

Vol. n. Sound and Light *i 25 

VoL in. Magnetism and Electricity *i 50 

Hutchinson, R. W., Jr. Long Distance Electric Power Trans- 
mission i2mo, *s 00 

Hutchinson, R. W., Jr., and Thomas, W. A. Electricity in 

Mining (In Press.) 

Hutchinson, W. B. Patents and How to Make Money Out of 

Them i2mo, i 25 

Hutton, W. S. The Works* Manager's Handbook Svo, 6 00 

Hyde, B. W. Skew Arches. (Science Series No. 15.).. . . i6mo, o 50 

Hyde, F. S. Solvents, Oils, Gums and Waxes Svo, "^2 00 
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iDduction Coils. (Science Series No. 53.)- i6mo, 

Inghem, A, E. Gearing. A practical treatise Sto, 

Ingle, H. Manual of Agricultural Chemistry. . . 8vd, 

InnesB, C. B. Problems in Macliine Design iimo, 

Air Compressors and Blowing Engines.. . . izmo, 

Centrifugal Pumps lamo, 

— ^ The Fan iimo, 

Ivatts, E. B. Railway Management at Stations 8td, 



Jacob, A., and Gould, E. S. On the Designing and Construction 

of Storage Reservoirs. (Science Series Ho. 6.). , iGmo, o $a 
Jannettaz, E. Guide to the Determination of Rocks. Trans. 

by G. W. Plympton iirao, i 50 

Jebl, F. Manufacture of Carbons 8vo, '4 oo 

Jenninga, A. S. Commercial Paints and Painting. (West- 

minater Series.) 8vo, "a 00 

Jennison, F. H. The Manufacture of Lake Pigments 8»o, *3 00 

Jepson, G. Cama and the Principles of their Construction. . .Svo, *i 50 

Mechanical Drawing 8vo (In Preptiraliiin ] 

Jetvis-Smiib, F. J. Dynamometers 8vo, *3 50 

Jockin, W. Arithmetic of the Gold and Silversmith . . . izmo, *i 00 
Johnaon, J. H. Arc Lamps and Accessoiy Appaiatua. (In- 
stallation Manuals Series.} i2mo, 'o 75 

Johnson, T. H. Ship Wiring and Fitting. (Installation 

Manuals Series.) lamo, *o 7s 

Johnson, W. McA. The Metallurgy of Nickel -{In Prepfiralian.) 

Johnston, J. F. W., and Cameron, C. Elements ot Agricultural 

Chemistry and Geology. . tzmo, 1 60 

Joly, J. Radioactivity and Geology lamo, '3 00 

Jones, H. C. Electrical Nature of Matter and Radioactivity 

lamo, *! 00 

Mature of Solution U" Press.) 

Hew Era in Chemistry iimo, *i 00 

Jones, J. H. Tinplate Industry 8to, +3 00 

Jonea, H. W. Testing Raw Materials Used in Paint iimo, *i 00 

Jordan, L. C. Practical Railway Spiral lamo, Leather, *i 30 
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JoTDson, F- H. Designing and Construction oC Hachine Gear- 
ing. 8vo, 2 

JUptner, H. F. V. Siderolog]': The Science of Iron 8to, *5 c 

Kapp, G. Alternate Current Uacbinerj'. (Science Series Ko. 

96.) ... i6mo, o ! 

Kapper, F. Overhead Transmission Linea 4to, '40 

Keim, A. W. Prevention o( Dampness in Buildings ..... 8vo, '2 a 
KeUer, S. S. Malbematics for Engineering Students. 

l2mo, half leatller, 

Algebra and Trigonometry, with a Chapter on Vectors. ... 'i i 

Plane and Solid Geometry. 't 1 

and Knoz, W. E, Analytical Geometry and Calculus.. *a c 

Keliey, W. R. Continuous-current Dynamos and Hotors. 

Bvo, '3 ■ 
Kemble, W. T., and Underbill, C. R. The Periodic Law and the 

Hydrogen Spectrum 8vo, paper, 'o ; 

Kemp, J. F. Handbook of Rocks 8vo, 'i ; 

Kendall, E. Twelve Figure Cipher Code 4to, 'la 5 

Kennedy, A. B. W., and Thurston, R. H. Kinematics of 

■aehinery. (Science Series No. 54.) t6mo, o e 

Kennedy, A. B. W., Unwin, W. C, and Idell, F. E. Compressed 

Air. . (Science Series Ho. io6.1 i6mo, o ; 

Kennedy, R. Modern Engines and Power Generators. Six 

Volumes 4tD, 15 

Single Volumes each, 3 c 

— —Electrical Installations. Five Voltimea 4to, 15 a 

Single Volumes each, 3; 

Flying Hacbines; Practice and Design.... iimo, '3 c 

Principles of Aeroplane Construction 8vo, 

Kennelly, A. E. Electio-dynamic Hachinery. 8vo, 

Kent, W. Strength of Haierials. (Science Series No. 4i->.i6mo, 

Kershaw, J. B. C, Fuel, Water and Gas Analysis. . . . Bvo. 

- Electrometallurgy. (Westminster Series.) Ovo, 

- The Electric Furnace in Iron and Sleel Production. . iimo, 

- Electro- Thermal Methods of Iron and Steel Production, 

8vo, 
Kindelan, J. Trackman's Helper iimo. 
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Kinzbrunner, C. Alternate Current Windingi. 8to, 

Continuous Current Armatures . 

TestinE of AKernatittg Current Machines 

Kirkaldy, A. W., and Evans, A. D. History and Economics 

of Transport Bvo, 

Kirkaldy, W. G. David Kirkaldy's System of Mechanical 

Kirkbride, J. Engraving for Illustration. 

Eirkham, J. E. Structural Engineering 8vd, 

Kirkwood, J. P. Filtralion of River Waters. . 

Kirschlte, A. Gas and Oil Engines 

Klein, J. F. Design of a High speed Steam-engine 

— - Physical Significance of Entropy Svo. 

Klingenherg, G. Large Electric Power Stations 4to 

Knight, R.-Adm. A. M. Uodero Seamanship Svo. 

HaUMor, 
Knott, C. G., and Hackay, J. S. Practical Mathematics. 

Knoi, G, D. Spirit of the Soil 

Eddz, J. Physico-chemical Calculations 

Fixation of Atmospheric Nitrogen. (Chemical Mono- 
graphs.) 

Koester, F. Steam -Electric Power Plants 4to, 

Hydroelectric Developments and Engineering... .... 4(0, 

Koller, T. The ntili*ation of Waste Products Bvo, 

Cosmetics . . Svo, 

Koppe, S. W. Giycerine lamo, 

Eozmin, P. A. Flour Milling. Trans, hy M. Falkner. 

(.In Prti 
Kremann, K. Application of Ph^^ico Chemical Theory to 
Technical Processes and Manufacturing Methods. 

Trans, by H. E. Potts.. Svo, 

Kretchmar, K. Yam and Warp Sizing Svo, 

Lallier, E. T. Elementary Manual of the Steam Engine. 

iimo, 
Lambert, T, lead and its Compounds Svo, ' 
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Lamborn, L. L. Cottonseed Products 8vo, *3 oo 

Modern Soaps, Candles, and Glycerin 8vo, *7 50 

Lamprecht, R. Recovery Work After Pit Fires. Trans, by 

C. Salter 8vo, *4 00 

Lancaster, M. Electric Cooking, Heating and Cleaning. .Svo, *i 50 

Lanchester, F. W. Aerial Flight. Two Volumes. Svo. 

Vol. I. Aerodynamics *6 00 

Vol. n. Aerodonetics *6 00 

The Flying Machine (In Press.) 

Lange, K. R. By-Products of Coal-Gas Manufacture. .lamo, 2 00 

Lamer, £. T. Principles of Alternating Currents zamo, '''i 25 

La Rue, B. F. Swing Bridges. (Science Series No. 107.) . i6mo, o 50 
Lassar-Cohn, Dr. Modern Scientific Chemistry. Trans, by M. 

M* Pattison Muir iimo, *2 00 

Latimer, L. H., Field, C. J., and Howell, J. W. Incandescent 

Electric Lighting. (Science Series No. 57.) i6mo, o 50 

Latta, M. N. Handbook of American Gas-Engineering Practice. 

Svo, ^4 50 

American Producer Gas Practice 4to, *6 00 

Laws, B. C. Stability and Equilibrium of Floating Bodies.8vo, *3 50 
Lawson, W. R. British Railways, a Financial and Commer- 
cial Survey Svo, 2 00 

Leask, A. R. Breakdowns at Sea i2mo, 2 00 

Refrigerating Machinery i2mo, 2 00 

Lecky, S. T. S. **Wrinkles" in Practical Navigation Svo, *io 00 

Le Douz, M. ice-Making Machines. (Science Series No. 46.) 

i6mo, 50 

Leeds, C. C. Mechanical Drawing for Trade Schools . oblong 4to, "^2 00 

Mechanical Drawing for High and Vocational Schools, 

4to, *i 25 
Lef€vre, L. Architectural Pottery. Trans, by H. K. Bird and 

W. M. Binns 4to, *7 50 

Lehner, S. Ink Manufacture. Trans, by A. Morris and H 

Robson 8vo *2 50 

Lemstrom, S. Electricity in Agriculture and Horticulture. .Svo, *i 50 

Letts, £. A. Fundamental Problems in Chemistry 8vo, *2 oo 
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Le Van, W. B. Steam -Engine Indicator. (Science Series Mo. 

78.) , .i6mo, o so 

Lewes, V. B. Liquid and Gaseous Fuels. ( Westminster Series.^ 

■ Carbonization of Coal Bvo, *3 00 

Lewis, L. P. Railway Signal Engineering 8vo, *3 jo 

Licks, H. E. Recreations in Mathematics i-jmo, i is 

Liebei, B. F. Lieber's Five Letter Standard Telegraphic Code, 

-Spanish Edition 8vo, *io oa 

French Edition Bvo, •«> 00 

Terminal Index 8TO, *» 5* 

Lieber's Appendix .folio, *ts on 

— Bandy Tables 4to, '1 5° 

■ — -Bankers and Stockbrokers' Code and Merchants and 

Shippers' Blank Tables 8vo, '15 00 

Lieber, B. F. 100,000,000 Combination Code 8vo, *io do 

Engineering Code 8vo, 'ii 50 

■ Livermore, V. P., and Williams, J. How to Become a Com- 
petent Holorman i2mo, *i 00 

Livingstone, K. Design and Construction of Comm-utators.Svo, 'a 25 

Mechanical Design and Constmction of Generators. ..Svo, *3 jo 

Lloyd, S. L. Fertilizer Materials t/ii Press.) 

Lobben, P. Machinists' and Draftsmen's Handbook .... Svo, i 50 
Lockwood, T. D, Electricity, Magnetism, and Electro-teleg- 
raphy Svo, 2 so 

Electrical Measurement and the Galvanometer.. ..lamo, o 75 

Lodge, O. J. Elementary Mechanics. izmo, I 50 

■ Signalling Across Space without Wires , .... 8vo, *i 00 

Loewenstein, L. C, and Criasey, C. P, Centrifugal Pumps.. '^ 50 

Lomaz, J. W. Cotton Spinning lamo, 1 50 

Lord, R. T, Decorative and Fancy Fabrics Svo, '3 50 

Loring, A. E. A Handbook of the Electromagnetic Telegraph, 

i6mD, o so 

— —Handbook. (Science Series Ho. 39) i6mo, o jo 

Level], D. H. Practical Switcbwotk. Revised by Strong and 

Whitney (In Press.) 
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loWf D. A. Applied Mechanics (Elementary) x6mo, o 80 

Lobadiez, B. J. P e rspe c tive « lamo, *x 50 

Lucke, C. E. Gas Engine Design Svo, *3 00 

Power Plants: their Design, Efficiency, and Power Costs. 

2 vols (In Preparation.) 

Luddesh, M. Color and Its Application Svo, "^300 

Li|^t and Shade and Their Applications 8vo, ^^2 50 

The two when purchased together ^^5 00 

Lnnge, 6. Coal-tar Ammonia. Three Parts 8vo, *iB 00 

Manvf actvre of Sulphuric Acid and Alkali. Four Volumes. 

Svo, 
VoL I. Sulphuric Acid. In three parts *i8 00 

VoL n. Salt Cake, Hydrochloric Acid and Leblanc Soda. 

In two parts *i5 00 

VoLIIL Ammonia Soda *xo 00 

VoL IV. Electrolytic Methods (In Press,) 

Technical Chemists' Handbook i2mo, leather, *3 50 

Technical Methods of Chemical Analysis. Trans, by 

C. A. Xeane. In collaboration with the corps of 
spedalists. 
VoL L In two parts Svo, ♦is 00 

VoL IL la two parts Svo, *iS 00 

Vol. in. In two parts Svo, *i8 00 

The set (3 vols.) complete ^48 00 

Technical Gas Analysis Svo, ^4 00 

Lnqoer, L. M. Minerals in Rock Sections Svo, *i 50 

Macaulay, J.* abA Hall, C. Modem Railway Working. 

Sii^t vols. 4to, ao oc 

Each volume separately 3 00 

Maoewen, H. A. Food Inspection Svo, *2 50 

Mackenrifi If. F* llotes on Irrigation Works Svo, *2 50 

Hackle, J. How to Make a Woolen Mill Pay Svo, *2 00 

Magoire, Wm. R. Domestic Sanitary Drainage and Plumbing 

Svo, 4 00 

Malcolm, C. W. Textbook on Graphic Statics Svo, ^3 00 



Malcolm, H. W. Satmarine Telegraph Cable (In Press.) 

Uallet, A. Compound Engines. Trans, hj R. R. Buel. 

(SciflncB Series No.. lo.i i6mo, 

Uansfleld, A. N. Electro- mag nets. (^ Science Series No. 64) 

i6mo, o so 
HarkH, B. C. R. Construction of Cranes and Lifting Machinery 

iimo, 'i so 

Construction and Working of Pumps i2mo, *! 50 

Manufacture of Iron and Steel Tubes iimo, *2 00 

Mechanical Engineering Materials iimo, *i 00 

Harks, G. C. Hydraulic Power Engineering .... 8vo, 3 50 

Inventions, Patents and Designs... i2mo, '1 00 

Marlow, T. G. Drying Machinery and Practice 8»o, '5 00 

Marsh, C. F. Concise Treatise on Reinforced Concrete. . , , 8vo, 'i 50 
Marsh, C. F. Reinforced Concrete Compression Member 

Diagram Mounted on Cloth Boards 'i 50 

Marsh, C. F., and Dnnn, W. Manual of Reinforced Concrete 

and Concrete Block Construction i6mo, mor., *3 50 

Marshall, W.J., and Sankey, H. B. Gas Engines. (Westminster 

Series.) 8vo, *i 00 

Martin, G. Triumphs and Wonders of Modem Chemistry, 1 

8vi), •) 00 

". Modem Chemistry and Its Wonders 8vo, *3 00 

Martin, N. Properties and Design of Reinforced Concrete, 

lamo, *a 50 

Martin, W. D. Hints to Engineers tamo, 'i 00 

Massie, W. W., and Underhill, C. R. Wireless Telegraphy and 

Telephony i2mo, •! 00 

Mathot, R. £. Internal Combustion Engines Bvo, '4 00 

Maurice, W. Electric Blasting Apparatus andEiplosises ..8vo, '3 50 

Shot Firer's Guide 8vo, *i 50 

Maxwell, J. C. Matter and Motion. (Science Series No. 36.) 

i6mo, o so 
Maxwell, W. H., and Brown, J. T. Encyclopedia of Municipal 

and Sanitary Engineering.. 410, '10 oo 

Mayer, A. M. Lecture Notes on Physics Bvo, 2 00 

Mayer, C, and Slippy, J. C. Telephone Line Construction. 8 vo, '3 00 
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McCullough, E. Practical Survc3ring i2mo, *2 00 

Engineering Work in Cities and Towns 8vo, 

Reinforced Concrete lamo, 

McCuUough, R. S. Mechanical Theory of Heat 8vo, 

McGibbon, W. C. Indicator Diagrams for Marine Engineers, 

8vo, 

Marine Engineers' Drawing Book oblong 4to, 

Marine Engineers' Pocketbook i2mo, leather, 

Mcintosh, J. G. Technology of Sugar 8vo, 

Industrial Alcohol 8vo, *3 00 

Manufacture of Varnishes and Kindred Industries. 

Three Volumes. Svo. 

VoL I. Oil Crushing, Refining and Boiling *3 50 

Vol. II. Varnish Materials and Oil Varnish Making *4 00 

Vol. m. Spirit Varnishes and Materials *4 5o 

McKnight, J. D., and Brown, A. W. Marine Multitubular 

Boilers *i 50 

McMa8ter,.J. B. Bridge and Tunnel Centres. (Science Series 

No. 20.) i6mo, 

McMechen, F. L. Tests for Ores, Minerals and Metals. . . iimo, 

Mcpherson, J. A. Water- works Distribution Svo, 

Meade, R. K. Design and Equipment of Small Chemical 

Laboratories Svo, 

Melick, C. W. Dairy Laboratory Guide i2mo, 

Mensch, L. J. Reinforced Concrete Pocket Book.i6mo, leather 

Merck, E. Chemical Reagents: Their Purity and Tests. 

Trans, by H. E. Schenck Svo, i 00 

Merivale, J. H. Notes and Formulae for Mining Students, 

x2mo, I 50 

Merritt, Wm. H. Field Testing for Gold and Silver . i6mo, leather, i 50 
Mierzinski, S. Waterproofing of Fabrics. Trans, by A. Morris 

and H. Robson Svo, *2 50 

Miessner, B. F. Radiodynamics i2mo, *2 00 

Miller, G. A. Determinants. (Science Series No. 105.). .i6mo, 

Miller, W. J. Historical Geology i2mo, *2 00 

Mills, C. N. Elementary Mechanics for Engineers i2mo, '^i 00 

Milroy, M. E. W. Home Lace-making i2mo, *i 00 
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Mitchell, C. A. Hineral and Aerated Wateis 8vo, 

— - and Prideaiix, R, M. Fibres Used in Textile and 

Allied Industries 8vo, 

Mitchell, C. F. and G. A. Building Conattuction and Draw 



ing. 



Elementary Course, 
Advanced C curse, 
Honclcton, C. C. F. Radiotelegraphy, (Westminster Series.! 

8vo, 

Monteverde, R. D. Vest Pocket Giossary o£ English-Spanish, 

Spanish-English Technical Terms . . .t^nio, leather, 

Montgomery, J. H. Electric Wiring Specifications. .. .i6dio, 

Haore, E. C. S. New Tables for the Complete Solution of 

Ganguillet and Kutler's Formula 

Morecroft, J. H., and Hehre, F. W. Short Course in Electrical 

Testing , , , 8vo, 

Morgan, A. P. Wireless Telegraph Apparatus for Amateurs, 

Moses, A, J. The Characters of Crystals 

-and Parsons, C. L. Elements of Mineralogy avo, 

Moss, S. A. Eiemenis of Gas Engine Design. (Science 

Series No. rzr ) i6mo, 

The Lay-out of Corliss Valve Gears. ( Science Series 

No. 119.) iGmo, 

Mulfoid, A. C. Boundaries and Landmarks 

Mullin, J. P. Modern Moulding and Pattern-making. . . 
Hunby, A. £. Chemistry and Physics of Building Materials. 

(Westminster Series.) 

Murphy, J. G. Practical Mining 1 

Murphy, W. S. Textile Industries, 8 vols 

(Sold separately.) each, 

Hurray, J. A. Soils and Manures. (Westminster Series.) 

Nasmith, J. The Student's Cotton Spinning 8vo, 

Recent Cotton Mill Construction. lamo, 

Neave, G. B., and Heilbron, I. M. Identification of Organic 
Compounds , , ; lamo, 
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Neilson, R. M. Aeroplane Patents 8vo, *2 oo 

Nerz, F. Searchlights. Trans, by C. Rodgers 8vo, *3 oo 

Neuberger, H., and Noalhat, H. Technology of Petroleum. 

Trans, by J. G. Mcintosh. 8vo, *io oo 

Ifewall, J. W. Drawing, Sizing and Cutting Bevel-gears. .8vo, i 50 
Newbiging, T. Handbook for Gas Engineers and Managers, 

Svo, *6 50 

Newell, F. H., and Drayer, C. £. Engineering as a Career. 

zamo, cloth, "^i 00 

paper, o 75 

Nicol, G. Ship Construction and Calculations 8vo, *4 50 

Ifipher, F. £. Theory of Magnetic Measurements iimo, i 00 

Nisbet, H. Grammar of Textile Design 8vo, *3 00 

Nolan, H. The Telescope. (Science Series No. 51.) i6mo, o 50 

North, H. B. Laboratory Experiments in General Chemistry 

i2mo, *z 00 

Nugent, £. Treatise on Optics i2mo, i 50 

O'Connor, H. The Gas Engineer's Pocketbook. . .iimo, leather, 350 
Ohm, 6. S., and Lockwood, T. D. Galvanic Circuit. Trans, by 

William Francis. (Science Series No. 102.). . . . i6mo, o 50 

Olsen, J. C. Textbook of Quantitative Chemical Analysis. .Svo, "^3 50 

Olsson, A. Motor Control, in Turret Turning and Gun Elevating. 

(U. S. Navy Electrical Series, No. i.) . ...i2mo, paper, *o 50 

Ormsby, M. T. M. Surveying lamo, i 50 

Oudin, M. A. Standard Polyphase Apparatus and Systems . . Svo, *3 00 

Owen, D. Recent Physical Research Svo, *i 50 

Fakes, W. C. C, and Nankivell, A. T. The Science of Hygiene. 

Svo, *i 75 
Palaz, A. Industrial Photometry. Trans, by G. W. Patterson, 

Jr Svo, *4 00 

Pamely, C. Colliery Manager's Handbook Svo, *io 00 

Parker, P. A. M. The Control of Water Svo, *5 00 

Parr, G. D. A. Electrical Engineering Measuring Instruments. 

8vo, ^3 50 
Parry, E. J. Chemistry of Essential Oils and Artificial Per- 
fumes Svo, ♦s 00 
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Parry, E. J. Foods and Drugs. Two Volumes 8vo, 

Vol. I. Chemical and Microscopical Analysis of Food 

and Drugs 

Vol. II. Sale of Food and Drags Acts 

- — and Coate, J. H. Chemistry of Pigments .Bvo, 

Party, L. Notes on Alloys ..,,,, 

Metalliferous Wastes 8vo, 

■ Analysis of Ashes and Alloys 

Parry, L. A. Risk and Dangers of Various Occupations 

Parslmll, H. F.,aiidHobart, H. M. Armature Windings . . 

Electric Railway Engineering. 

Parsons, J. L. Land Drainage 

Parsons, S.J. Malleable Cast Iron 

Partington, J. R. Higher Mathematics for Chemical Students 

-Testbook of Thermodynamics 8vo, 

Passmore, A. C. Technical Terms Used in Architecture 8vo, 

Patchell, W. H. Electric Power in Mines 

Paierson, G. W. L. Wiring Calculations i 

Electric Mine Signalling Installationa 

Patterson, D. The Color Printing ot Carpet Yarns ... . . 

Color Matching on Textiles , , . . , . 

— — Textile Color Mixing 8vo, 

Paulding, C. P. Condensation of Steam in Covered and Bare 

Pipes. 

Transmission of Heat Through Cold-storage Insulation 

Payne, D. W. Founders' Manual (In f 

Peckham, S. F. Solid Bitumens ." 8vo, 

Peddie, R. A. Engineering and Metallurgical Books 1 

Peirce, B. System of Analytic Mechanics 4to, 

Linnear Associative Algetira 4to, 

Pendred, V. The Railway Locomotive. (Westminster Series.) 

8vo, 
Perkin, F. M. Practical Method of Inorganic Chemistry . . i 

and Jaggers, E, M, Elementary Chemistry 

Perrine, F. A, C. Conductors for Elcctiical Distribution , , . 



'2 50 
'3 00 
'3 50 

*I 50 

*3 50 
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Petit, G. White Lead and Zinc White Paints 8 vo, * i 50 

Petit, R. How to Build an Aeroplane. Trans, by T. O'B. 

Hubbard, and J. H. Leifeboer. 8vo, *i 50 

Pettit, Lieut. J. S. Graphic Processes. (Science Series No. 76.) 

x6mo, o 50 

Philbrick, P. H. Beams and Girders. (Science Series No. 88.) 

z6mo, 

Phillips, J. Gold Assaying 8vo, *2 50 

Dangerous Goods 8vo, 3 50 

Phin, J. Seven Follies of Science z2mo, *i 25 

Pickworth, C. N. The Indicator Handbook. Two Volumes 

i2mo, each, i 50 

Logarithms for Beginners i2mo, boards, o 50 

The Slide Rule. i2mo, i 00 

Planner's Manual of Blowpipe Analysis. Eighth Edition, re- 
vised. Trans, by H. B. Cornwall 8vo, *4 00 

Plympton, G.W. The Aneroid Barometer. (Science Series. ;.i6mo, o 50 

How to become an Engineer. (Science Series No. 100.) 

i6mo, o 50 

Van Nostrand's Table Book. (Science Series No. 104). 

i6mo, o 50 

Pochet, M. L. Steam Injectors. Translated from the French. 

(Science Series No. 29.) i6mo, o 50 

Pocket Logarithms to Four Places. (Science Series.) i6mo, o 50 

bather, i 00 

Polleyn, F. Dressings and Finishings for Textile Fabrics . 8vo, ^3 00 

Pope, F. G. Organic Chemistry lamo, *2 25 

Pope, F. L. Modern Practice of the Electric Telegraph. . 8vo, i 50 

Popplewell, W. C. Prevention of Smoke Svo, *3 50 

Strength of Materials Svo, *i 75 

Porritt, B. D. The Chemistry of Rubber. (Chemical Mono- 
graphs, No. 3.) i2mo, *o 75 

Porter, J. R. Helicopter Flying Machine i2mo, "^x 25 

Potts, H. B. Chemistry of the Rubber Industry. (Outlines of 

Industrial Chemistry.) . . . . , Svo, *2 00 

Practical Compounding of Oils, Tallow and Grease Svo, ^3 50 
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Pnitt,K. Boiler Drauglit lamo, "i 25 

High Speed Steam Engines 8to, •100 

Ptay. T., Jr. Twenty Years with the IndiMitor 8vo, 1 50 

Steam Tables and Engine Constant 8vo, 3 00 

Prelini, C. Earth and Rock Eicavalion 8vo, '3 00 

Graphieai Determination of Earth Slopes.. . Svo, *i 00 

Tunneling. Hew Edition. 8vo, '3 00 

Dredging. A Practical Treatise Svo, '3 00 

Prescott, A. B. Organic Analysis. . ... Bvo, 5 00 

— —and Johnson, 0. C. Qualitative Chemical Analysis, Svo, *3 50 

and Sullivan, E. C, First Book in Qualitative Chemistry 

iimo, 'i 50 

Prideaui, E. B. R. Problems in Physical Chemistry 8to, *2 oa 

Primrose, G. S. C. Zinc. (Metallurgy Series.) {/ii Press.) 

Prince, G. T. Flow of Water lanio, 'i 00 

Pullen, W. W. F. Application oE Graphic Hethods to the Design 

of Structures lamo, '2 50 

Injectors: Theory, Construction and Working izmo, 'i 50 

Indicator Diagtams Svo, *a 50 

Engine Testing 8vo, *4 5° 

PQlsifer, W. H, Botes for a History of Lead. . . ... Bvo, 4 00 

Putsch, A, Gas and Coal-dust Firing. , Svo, *3 00 

Pynchon, T. R. Introduction to Chemical Physics Svo, 3 oo 

Rafter, C^. W. Mechanics of Ventilation. (Science Series Ro. 



33-' ■ ■ ■ ibao, 

Potable Water. {Science Series No. 103.1 i6mo, 

Treatment of Septic Sewage. (Science Series No. 118.) 

and Baker, M. N. Sewage Disposal in the Onited States 

4t0, 

Raikes, H. P. Sewage Disposal Works Svo, 

Randau, P. Enamels and Enamelling Svo, 

Rankine, W. J. M. Applied Mechanics Svo, 

- Civil Engineering Svo, 

Machinery and Miliwork , . . Svo, 

-^ The Steam-enjpne and Other Prime Movers Bvo, 

and Bamber, E. ¥. A Mechanical Teithook Svo, 



» 50 



i 



D. VAN NOSTRAND COMPANY'S SHORT-TITLE CATALOG 35 

Ransome, W. R. Freshman Mathematics lamo, *x 35 

Raphael, F. C. Localization of Faults in Electric Light and 

Power Mains 8vo, *3 50 

Rasch, £. Electric Arc Phenomena. Trans, by K. Tomberg. 

8vo, *2 00 

Rathbone, R. L. B. Simple Jewellery 8vo, *2 00 

Rateau, A. Flow of Steam through Nozzles and Orifices. 

Trans. by H. B. Brydon 8vo, *i 50 

Rausenberger, F. The Theory of the Recoil of Guns 8yo, *4 50 

Rautenstrauch, W. Notes on the Elements of Machine Design, 

8vo, boards, *z 50 
Rautenstrauch, W., and Williams, J. T. Machine Drafting and 
Empirical Design. 

Part L Machine Drafting 8vo, *i 25 

Part n. Empirical Design (In Preparation.) 

Raymond, E. B. Alternating Current Engineering i2mo, *2 56 

Rayner, H. Silk Throwing and Waste Silk Spinning. ..8yo, *2 50 
Recipes for the Color, Paint, Varnish, Oil, Soap and Drysaltery 

Trades 8vo, *3 50 

Recipes for Flint Glass Making i2mo, "^4 50 

Redfem, J. B., and Savin, J. Bells, Telephones. (Installa- 
tion Manuals Series.) i6mo, *o 50 

Redgrove, H. S. Experimental Mensuration i2mo, "^i 25 

Redwood, B. Petroleum. (Science Series No. 92.) . .. .i6mo, o 50 

Reed, S. Turbines Applied to Marine Propulsion *5 00 

Reed's Engineers' Handbook 8vo, *5 00 

Key to the Nineteenth Edition of Reed's Engineers' 

Handbook 8vo, ^3 00 

Useful Hints to Sea-going Engineers i2mo, i 50 

Reid, E. E. Introduction to Research in Organic Chemistry. 

(In Press.) 
Reid, H. A. Concrete and Reinforced Concrete Construction, 

8vo, *5 00 
Reinhardt, C. W. Lettering for Draftsmen, Engineers, and 

Students oblong 4to, boards, i 00 

The Technic of Mechanical Drafting, .oblong 4to, boards, '''i 00 
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ReiEer, F. Hardening and Tempering of Sfeel. Trans, by A. 

Horris and H. Robson izmo, 

Reiser, N. Faults in the Hanufactare of Woolen Goods. Trans. 

b; A. Morris and H. Robson 

Spinning and Weaving Calculslians 

Renwick, W. G. Marble and MarbU Working . 

Reuleaux, F. The Constructor. Trans, by E. H. Suplee. .4to, 
Reuterdahl, A. Theory and Design of Reinforced Concrete 

Arches , 

Reynolds, O., and Idell, F. E. Triple Expansion Engiaes. 

(Science Series No. 99. ) i6mo, 

Rhead, G. F. Simple Structural Woodwork 

Rhodes, H, J. Art of Lithography 

Rice, J. M., and Johnson, W. W. A Kew Method of Obtaining 

the Differential of Functions 

Richards, W. A. Forging of Iron and Steel.... 

Richards, W. A., and North, H. B. Manual of Cement Testing, 

Richardson, J. The Modern Steam Engine 

Richardson, S. S. Magnetism and Electricity 

Rideal, S. Glue and Glue Testing .8vo, 

Simmer, E. J. Boiler Explosions, Collapses and Mishaps. Svo, 

Rings, F. Concrete in Theory and Practice 

. — —Reinforced Concrete Bridges 4to, 

Ripper, W. Course of Instruction in Machine Drawing. . folio, 
Roberts, F. C. Figure of the Earth. {Science Series No. 75.) 

Roberts, J., Jr. Laboratory Work in Electrical Engineering 

8to, 

Robertson, L. S. Water-tube Boilers 

Robinson, J. B. Architectural Compoiition .Svo, 

Robinson, S. W. Practical Treatise on the Teeth of Wheels. 

(Science Series No. 14- ' 

Railroad Economics. (Science Series No. 59.).... 

Wrought Iron Bridge Members. (Science Series No. 

60. ) i6mo, 



o 50 
3 50 



*I 


25 


''s 


00 


*I 


00 


2 


50 


2 


50 


*2 


00 


*2 


oo 


*3 


50 
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Hobson, J. H. Machine Drawing and Sketching Svo, '"x 50 

Roeblii^;, J. A. - Long and Short Span Railway Bridges . . folio, 25 00 

Rogers, A. A Laboratory Guide of Industrial Chemistry . . 1 2mo, * i 50 

Elements of Industrial Chemistry zamo, *% 50 

Industrial Chemistry 8vo, *5 00 

Rogers, F. Magnetism of Iron Vessels. (Science Series No. 30.) 

i6mo, o 50 
Rohland, P. Colloidal and its Crystalloidal State of Matter. 

Trans, by W. J. Britland and H. £. Potts iimo, 

Rollins, W. Notes on X-Light 8vo, 

RoUinson, C. Alphabets oblong lamo, 

Rose, J. The Pattern-makers' Assistant 8vo, 

Key to Engines and Engine-running i2mo, 

Rose, T. K. The Precious Metals. (Westminster Series. ) . . Svo, 
Rosenhain, W. Glass Manufacture. (Westminster Series.) . . Svo, 

Physical Metallurgy, An Introduction to. (Metallurgy 

Series.) Svo, 

Roth, W. A. Physical Chemistry Svo, *2 oo 

Rothery, G. C, and Edmonds, H. 0. The Modem Laundry. 

2 vols 4to, half leather, '''la 00 

Rowan, F.J. Practical Physics of the Modem Steam-boiler.Svo, *3 00 
and Idell, F. E. Boiler Incmstation and Corrosion. 

(Science Series No. 27.) i6mo, o 50 

Roxburgh, W. General Foundry Practice. (Westminster 

Series.) Svo, 

Ruhmer, E. Wireless Telephony. Trans, by J. Erskine- 

Murray Svo, 

Russell, A. Theory of Electric Cables and Networks Svo, 

Rutley, F. Elements of Mineralogy i2mo, 

Sanford, P. G. Nitro-ezplosives Svo, 

Saunders, C. H. Handbook of Practical Mechanics i6mo, 

leather, 

Sayers, H. M. Brakes for Tram Cars Svo, 

Scheele, C. W. Chemical Essays Svo, 

Scheithauer, W. Shale Oils and Tars Svo, ^3 50 

Scherer, R. Casein. Trans, by C. Salter Svo, *3 00 



*2 


00 


*3 


50 


*3 


00 


♦x 


25 


*4 


00 


I 


00 


I 


25 


•i 


25 


•2 


00 
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1 Schidrowitz, P. Rubber, Its Prodiittion and Industrial n»es, 

f 8vo, 

Schmdler, E. Iron and Steel Construction Works , , , . i2ino, 

Schmall, C. H, First Course in Analytic Geometry, Plane and 

Solid iimo, half leather, 


G 

*5 00 
*i as 

•' 73 

•i 15 

•3 00 

I 50 

•i 50 

*3 SO 

•1 5° 

rcss.) 

I so 

*3 00 
*5 00 

•3 00 

so 
B 00 

3 50 

•5 00 

•3 00 
"r.-ss.) 
•tz 50 
'■2 so 
'■ 75 
*i 7S 

■2 so 


Schumann, F. A Manual of Heating and Ventilation. 

ijmo, leather, 

Schwartz, E. H. L. Causal Geology . 8vo, 

1 Schweizer, V. DistilUtion of Resins 8vo, 

Scott, W. W, Qualitative Analysis. A Laboratory Manual, 
1 8V0, 

- — Technical Methods of Analysis 8to (/n / 

1 i6mo, leather, 

Scudder, H. Electrical Conductivity and Ionization Constants 

of Organic Compounds, 8vo, 


Cement, Concrete and Bricks 8vo, 

Searle, G. M. ■' Sumners' Method." Condensed and Improved. 

(Science Series No. 124-) i6mo, 

Seaton, A. E. Manual of Marine Engineerine 8vo, 

Engineering i6mo, leather, 

, Seeligmann, T., Torrilhon, G. L., and Falconnet, H. India 

Rubber and Gutta Percha. Trans, by J. G. Mcintosh 

8vo, 

Seidell, A. Solubilities of Inorganic and Organic Substances .8vo, 

Seligman, H. Aluminum. ( Metallurgy Series) (hi 

Sellew, W. H. Steel Hails 4to, 




Teitbook of Inorganic Chemistry i2mo. 

Sever, G, F. Electric Engineering Experiments . . . 8vo, boards, 
and Townsend, F. Laboratory and Factory Tests in Elec- 


i 



D. VAN NOSTRAND COMPANY S SHORT-TITLE CATALO(; 39 

Sewall, C. H. Wireless Telegraphy 8vo, *2 00 

Lessons in Telegraphy i2ino, * i 00 

Sewell, T. The Construction of D3niamo8 Svo, *3 00 

Sexton, A. H. Fuel and Refractory Ifaterials 12 mo, *2 50 

Chemistry of the Materials of Engineering 1 2 mo, * 2 50 

Alloys (Non- Ferrous) 8vo, *3 00 

and Primrose, J. S. 6. The Metallurgy of Iron and Steel, 

8vo, *6 50 

Seymour, A. Modem Printing Inks Svo, *2 00 

Shaw, Henry S. H. Mechanical Integrators. (Science Series 

No. 83.) i6mo, o 50 

Shaw, S. History of the Staffordshire Potteries 8vo, 2 00 

Chemistry of Compounds Used in Porcelain Manufacture .8 vo, *5 00 

Shaw, W. N. Forecasting Weather 8vo, *3 50 

Sheldon, S., and Hausmann, £. Direct Current Machines. i2mo, *2 50 

Alternating-current Machines i2mo, *2 50 

Electric Traction and Transmission Engineering. .i2mo, *2 50 

Shields, J. E. Note ion Engineering Construction i2mo, i 50 

Shreve, S. H. Strength of Bridges and Roofs 8vo, 3 50 

Shunk, W. F. The Field Engineer i2mo, mor., 2 50 

Simmons, W. H., and Appleton, H. A. Handbook of Soap 

Manufacture 8vo, *3 00 

Simmons, W. H., and Mitchell, C. A. Edible Fats and Oils, 

8vo, *3 00 

Simpson, G. The Naval Constructor i2mo, mor., *5 00 

Simpson, W. Foundations 8vo {In Press.) 

Sinclair, A. Development of the Locomotive Engine. 

8vo, half leather, 5 00 
Sindall, R. W. Manufacture of Paper. (Westminster Series. > 

8vo, *2 00 
and Bacon, W. N. The Testing, of Wood Pulp 8vo, *a 50 

Sloane, T. O'C. Elementary Electrical Calculations i2mo, *2 00 

Smallwood, J. C. Mechanical Laboratory Methods. (Van 

Nostrand's Textbooks.) lamo, leather, *2 50 

Smith, C. A. M. Handbook of Testing, MATERIALS .. 8vo, *2 50 

and Warren, A. G. New Steam Tables 8vo, *i 2$ 

Smith, C. F. Practical Alternating Currents and Testing . . 8vo, *2 50 
Practical Testing of Dynamos and Motors 8vo, *2 00 
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1 Smith, F. A, Railway Currea 


.iimo. 


'I 00^^ 


Standard Turnouta od American Kailroads 


.i2mo. 


*i 00 


Maintenance of Way Standarda 






Smith, F. E. Handbook of Genera] Instruction for Mecbanica. 


.^^ 


Smith, H. G. Minerals and the Microscope 


. iimo. 


^^4 


Smith, J. C. Manufacture of Paint 


...8tO, 


*3S«^| 


Smith, R. H. Principlea of Machine Work 


.iimo. 




-Advanced Machine Worh 


.lamo. 


*3 00 


Smith, W. Chemistry of Hat Manufflcturing 


ramo, 


•3 00 


' Saell, A. T. Electric Motive Power... 


8vo, 

ilatioD, 


•4 o"^^^ 


Snow, W. G. Pocketbook of Steam Heating and Ven 




(In 


Presaj^^^M 




^^H 


Series Ho. 5.) 


i6mo, 


•> MI^^B 


Soddy, F. Radioactivity 


,,8vo. 


*3 o^^^l 


Solomon, M. Electric Lamps. (Westminster Series.).. 


. .gvo. 


'2 '>^^^H 








Mechanical dnd Marine Engineering Science 


,-.ayo, 


*5 a«^^H 


Sothern, J. W. The Marine Steam Turbine 


...8vo, 


*6 O^^^l 


Verbal Notes and Sketches for Marine Engineers 


-,,8vo. 


'5 °^^^| 


Sothern, J. W., and Sothem, R. M. Elementary Mathematics 




for Marine Engineers 






Simple Problems in Marine Engineering Design. . 


. lamo. 


*' 09^H 


Southcombe, J. E. Chemistry of the Oil Industries. 


(Out- 


^^^H 


lines of Industrial Chemistry ) 


...Bvo, 


"3 oo^^H 


Soihlet, D. H. Dyeing and Staining Marble. Trans. 


by A. 


^^^B 


Morris and H. Robson 


8vo, 


*] Sa^^^l 


Spang, H.W. A Practical Treatise on Lightning Protection 


Iimo, 


I cw^^^l 


Spangenburg, L. Fatigue of Metals. Translated by 


S. H. 


^^H 


Shreve. (Science Series Ko. 23.) 


i6mo, 




Specht, G. J., Hardy, A. S., UcHaster, J. B., and WaUing. 


Topo- 


"^^^H 




i6mo. 


So^^H 


Spencer, A. S. Design of Steel-Framed Sheds 


. . .8V0. 


*3 S**'^^H 


Speyera. C. L. Teit-book of Physical Chemistry 


8vo, 


]S.^^H 


Spiegel, L. Chemical Constitution and Physiological 


Action. 


^^^M 


(Trans, by C. Luedeking and A. C. Boylaton. 


ismo. 


J 
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m 


Sprague, E. H. Hydraulics lamo. 


.. ■ 


Stability of Masonry lamo. 


■ ■s ■ 






i6mo, 


^1 


and Woods, A. T. Elementary Ueclianisin iimo. 




Staley, C, and Pierson, G. S. The Separate System o[ Sewerage. 


H 


8vo, ■ 




Standage, H. C. Uather workers' Manual ... . Svo, 


■ 


Sealing Waies. Wafers, and Other Adbesives .... 8vo, 


■ 


^Agglutinants of All Kinds for All Purposes iimo, 


so ^m 


Stanley, H. Practical Applied Physics (/» Pr.-w.) ^^ 


Stansbie, J. H. Iron and Steel. (Westminster Series, i . 8vo, 


•1 00 


Steadman, F. M. Unit Photography iimo. 


'2 00 


Stecher. G. E. Cork. Its Origin and Industrial Uses. .lamo, 


1 00 






Series No. 117.) 


50 


Melan's Steel Arches and Suspension Bridges., . .Bvo, 


•3 00 


Stevens, H. P. Paper Mill Chemist l6mo, 


•1 50 




-1 25 


Stevenson, J. L. Blasf-Furnace Calculations iimo, leather, 


*i 00 


Stewart, G. Modern Steam Traps ijmo, 


•i 25 


Stiles, A. Tables for Field EngineeTS iimo, 






•5 00 


Stone, H. The Timbers of Commerce Svo, 


3 50 


Stopes, M. Ancient Plants Svo. 




The Study of Plant Life 8vo, 


•a 00 


Stumpf, Prof. Una-Flow Steam Engine ^to, 


•3 so 






istry . umo, 


•2 aa 


Suffllng,E.R. Treatise on the Art of Glass Painting Svo, 


•3 50 


SuIUvan, T. V., and Underwood, N. Testing and Valuation 




of Building and Engineering Materials. (In PrfSs^ ^^ 


Sur, F. T. S. Oil Prospecting and Extracting Svo, . _. ^^^ 




Svenson, C. L, Handbook on Piping (/n Press.^ ^| 


Sw«B, K. Patents, Designs and Trade Marks. (Weatmitister 


^M 


Series.) - 8vo, 

\ 


-J 
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Swinbtinie, J., Wotdingtaam, C. H., and Hartin, 1, C. Electric 

Cmrents. (Science Series So. 109.) i6me, 

Swoope, C. W. Leasona in Practical Electncity iimo, 

Tailfer, L. Bleaching Linen and Cotton Yam and Fabrics. Svo, 
Tate, J. S. Surcharged and Different Forma of Retaining- walls. 

(Science Series No. 7. 1 . . 

Taylor, F. H. Small Water Supplies 

— — Masonry in Civil Engineering 8vo, 

Taylor, T. U, Surveyor's Handbook izmo, leatlier, 

Backbone of Perspective 

Taylor, W. P. Practical Cement Testing 8vo, 

Templeton, W. Practical Mechanic's Workshop Compa 



Tenney, E. H. Test Methods for Steam Power Plants. 

(Van Kostrand's Tejttbooks. ) iimo, 

Terry, H. L. India Rubber and its Manufacture. (West- 
minster Series. ) 

Thayer, H. R. Structural Design Svo, 

Vol. I. Elements of Structural Design 

Vol. II. Design of Simple Structures 

Vol. III. Design of Advanced Structures (In Prepm 

Foundations and Masonry {In Preparation, 

Tliiess, J. B., and Joy, G. A. Toll Telephone Practice. .Bvo. 
Thorn, C, and Jones, W. H, Telegraphic Connections. 

oblong I am 

Thomas, C. W. Paper-makers' Handbook (/1 

Thompson, A. B. Oil Fields of Russia 4to, 

Oil Fieia Development and Petroleum Mining. ..., Svo, 

Thompson, S. P. Dynamo Electric Machines. (Science 

Series No. 75.) iGmo, 

Thompson, W. P. Handbook of Patent Law of All Countries, 
rfimo, 

Thomson, G. Modern Sanitary Engineering 

Thomson, G. S. Milk and Cream Testing 

Modem Sanitary Engineering, House Drainage, 



Press.) 
*7 SO 

*7 



i 



m 
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Thomley, T. Cottom Combing Machines 8vo, ^^3 00 

Cotton Waste 8vo, *3 00 

Cotton Spinning 8vo, 

First Year *i 50 

Second Year *3 00 

Third Year *2 50 

Thurso, J. W. Modem Turbine Practice Svo, *4 00 

Tidy, C. Meymott. Treatment of Sewage. (Science Series 

No. 94.) i6mo, o 50 

Tillmans, J. Water Purification and Sewage DisposaL Trans. 

by Hugh S. Taylor Svo, *2 00 

Tinney, W. H. Gold-mining Machinery Svo, '^'3 00 

Titherley, A. W. Laboratory Course of Organic Chemistry. Svo, *2 00 

Tizard, H. T. Indicators (/w Press.) 

Toch, M. Chemistry and Technology of Paints Svo, '*'4 00 

Materials for Permanent Painting x2mo, *2 00 

Tod, J., and McGibbon, W. C. Marine Engineers' Board of 

Trade Examinations Svo, *i 50 

Todd, J., and Whall, W. B. Practical Seamanship Svo, *j 50 

Tonge, J. Coal. (Westminster Series.) Svo, *2 00 

Townsend, F. Alternating Current Engineering. .Svo, boards, '''o 75 

Townsend, J. Ionization of Gases by Collision Svo, .'*'x 25 

Transactions of the American Institute of Chemical Engineers. 

Seven volumes now ready. Vols. I to VIII., 1908- 191 5, 

Svo, each, *6 00 

Traverse Tables. (Science Series No. 115.) i6mo, o 50 

mor., I 00 

Treiber, E. Foundry Machinery. Trans, by C. Salter. .i2mo, i 25 

Trinks, W., and Housum, C. Shaft Governors. (Science 

Series No. 122.) x6mo, o 50 

Trowbridge, D. C. Handbook for Engineering Draughtsmen. 

(In Press.) 

Trowbridge, W. P. Turbine Wheels. (Science Series No. 44. ) 

i6mo, o 50 

Tucker, J. H. A Manual of Sugar Analysis Svo, 3 50 

Tunner, P. A. Treatise on Roll-turning. Trans, by J. B. 

Pearse Svo text and folio atlas, 10 00 
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Ttunbull, Jr., J., &nd Robinaon, S. W. A Tieatiie on the 

CoiQpouDd Steam-engine, (Science Series No. B.j 

Tnniei, H. Worsted Spinners' Handbook iimo, 'a 

Tnrrill, S, M. Elementary Course in Perspective iimo, »i 

Twyford, H. B. Purchasing Syo, '3 

Tyrrell, H. Q. Design and Construction of Mill Buildings, 8vo, *4 

- — -Concrete Bridges and Culverts i6mo, leather, *3 

Artistic Bridge Design 8to, '3 

UndetMll, C. R. Solenoids, Electiomagneta and Electromag- 
netic Windings izmo, *a 

Underwood, N,, and Sullivan, T. V, Chemistry and Tech- 
nology of Printing Inks Svo, *3 

Dtquhart, J. W. Electro -plating lamo, a 

Electrotyping lamo s 

Usbome, P. 0, G. Design of Simple Steel Bridges Svo, '4 

Vflcher, F. Food Inspector's Handbook lamo, *3 

Van Kostrand's Chemical Annual, Third iasue 1913. Leather. 

Year Book of Mechanical Engineering Data {In Press.f^ 

Van Wagenen, T. F. Manual of Hydraulic Mining, ,. ..i6nio, 

Vega, Baron, Von. Logarithmic Tables Svo, ctoth, 

half mor, 
Vincent, C, Ammonia and its Compounds, Trans, by M. J. 

Salter 3vo, 

Yolk, C. Haulage and Winding Appliances 8va, *4 a 

Von Georgievics, G, Chemical Technology of Textile Fitiies. 

Trans, by C. Salter 8to, 

Chemistry of Dyestuffs. Trans, by C. Salter 8vo, 

Vose, G. L. Graphic Method for Solving Certain Oncstions in 

Arithmetic and Algebra. (Science Series No. 16, 1 

Vosmaer, A. Ozone Svo, 

Wabner, H. Ventilation in Mines. Trans, by C, Salter, ,8vo, 
Wade, E. J. Secondary Batteries 8to, 
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Wadmore, J. M. Elementary Chemical Theory... .» ..x2mo, '''x .50 

Wadsworth, C. Primary Battery Ignition lamo, "^o 50 

Wagner, E. Preserving Fruits, Vegetables, and Meat. . .xamo, *2 50 

Waldram, P. J. Principles of Structural Mechanics. . . i2mo, *3 00 

Walker, F. Aerial Navigation. Svo, 2 00 

Dynamo Building. (Science Series No. 98.) i6mo, o 50 

Walker, J. Organic Chemistry for Students of Medicine . 8vo, *2 50 

Walker, S. F. Steam Boilers, Engines and Turbines. .. .Svo, 3 00 

Refrigeration, Heating and Ventilation on Shipboard, 

i2mo, "^2 00 

Electricity in Mining 8vo, *3 50 

Wallis-Tayler, A. J. Bearings and Lubrication 8vo, *i 50 

Aerial or Wire Ropeways 8vo, *3 00 

Sugar Machinery lamo, *2 00 

Walsh, J. J. Chemistry and Physics of Mining and Mine 

Ventilation i2mo, *2 00 

Wanklyn, J. A. Water Analysis i2mo, 2 00 

Wansbrough, W. D. The A B C of the Differential Calculus, 

i2mo, *i 50 

Slide Valves i2mo, *2 00 

Waring, Jr., 6. £. Sanitary Conditions. (Science Series 

No. 3x.) i6mo, o 50 

Sewerage and Land Drainage *6 00 

Modern Methods of Sewage Disposal i2mo, 2 00 

How to Drain a House i2mo, i 25 

Wamesi A. R. Coal Tar Distillation 8vo, ""2 50 

Warren, F. D. Handbook on Reinforced Concrete i2mo, *2 50 

Watkins, A. Photography. (Westminster Series.) 8vo, ""2 00 

Watson, E. P. Small Engines and Boilers i2mo, x 25 

Watt, A. Electro-plating and Electro-refining of Metals. 8vo, '"4 50 

Electro-metallurgy i2mo, x 00 

The Art of Soap-making 8vo, 3 00 

Leather Manufacture 8vo, *4 00 

Paper Making 8vo, 3 00 

Webb, H. L. Guide to the Testing of Insulated Wires and 

Cables i2mo, i oo 

Webber, W. H. Y. Town Gas. (Westminster Series.) . . .8vo, *2 00 
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Weisbach, J. A Manual of Theoietical Hechsnics Svo, *! 

and Herrmann, G. Mechanics of Air Machinery. . . .8vo, *; 

Wella, M. B. Steel Bridge Designing 8vo, '■■ 

Weston, E. B, Loss of Head Due to Friction of Water in Pipes, 

Wharen, G. B., and Yodei, J. H. Lacomative Valves and 

Valve Gears (/tr Pre 

Wheatley, 0. Ornamental Cement Work .8vo, *; 

Whipple, S. An Elementary and Practical Treatise on Bridge 

Building Svo, ; 

White, C. H. Methods in Metallurgical Analysis. (Van 

Nostrand's Textbooks.) ixmo, s 

White, G. F. Qualitative Chemical Analysis lamo, *: 

White, G, T. Toothed Gearing umo, 'i 

Wilcox, R. M. Cantilever Bridges. (Science Series Ho. 25.) 

Wilda, H. Steam Turbines, Trans, by C. Salter, .. .lamo, 1 

— — Ctanes and Hoists. Tians. by Chas. Salter lamo, 1 

Wilkinson, H. D. Submarine Cable Laying and Repairing, Svo, *C 

Williamson, J. Surveying 8vo, 

Williamson, R. S, On the Use of the Barometer 4to, 

— —Practical Tables in Meteorology and Hypsometry, .410, 
Wilson, F. J., and Heilbron, I. M. Chemical Theory and Cal- 
culations lanm, 

Wilson, J. F. Essentials of Electrical Engineering Svo, 

Wlmperis, B. E. Inlernal Combustion Engine Svo, 

— — Application of Power to Road Transport iimo, 

— - Primer of Internal Combustion Engine lamo, 

Winchell, M. H.. and A. N. Elements of Optical Mineralogy .8vo, 
Winalow, A. Stadia Surveying. ( Science Series No. 77- ) ■ i6mo, 
Wisser, Lieut. J. P. Explosive Materials (Science Series No. 

Wisser, Lieut. J. P. Modern Gun Cotton. (Science Series No. 

89.) , , . i6mo, 

Wolff, C. E. Modern Locomotive Practice 8to, 
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Wood, De V. Luminiferotts Aether. (Science Series No. 85.) 

i6mo, o 50 
Wood, J. K. Chemistry of Dyeing. (Chemical Monographs 

No. 2.) lamo, *o 75 

Worden, E. C. The Nitrocellulose Industry. Two vols..8vo, '"xo 00 

Technology of Cellulose Esters. In xo vols Svo. 

Vol. VIII. Cellulose Acetate *5 00 

Wren, H. Organometallic Compounds of Zinc and Ifagnesium. 

(Chemical Monographs No. i.) xamo, *o 75 

Wright, A. C. Analysis of Oils and Allied Substances 8vo, *3 50 

Simple Method for Testing Painter's Materials 8vo, *2 50 

Wright, F. W. Design of a Condensing Plant i2mo, *x so 

Wright, H. E. Handy Book for Brewers 8vo, *s 00 

Wright, J. Testing, Fault Finding, etc. for Wiremen (Installa- 
tion Manuals Series) i6mo, *o 50 

Wright, T. W. Elements of Mechanics 8vo, *2 so 

and Hayf ord, J. F. Adjustment of Observations 8vo, ♦j 00 

Wynne, W. E., and Spraragen, W. Handbook of Engineering 

Mathematics i2mo, leather, *3 00 

Young, J. £. Electrical Testing for Telegraph Engineers. . .8vo, *4 00 

Zahner, R. Transmission of Power. (Science Series No. 40.) 

i6mo, 

Zeidler, J., and Lustgarten, J« Electric Arc Lamps 8vo, *2 00 

Zeuner, A. Technical Thermodynamics. Trans, by J. F. 

Klein. Two Volumes 8vo, *8 00 

Zimmer, 6. F. Mechanical Handling and Storing of Materials, 

4to, *X2 50 

Zipser, J. Textile Raw Materials. Trans, by C. Salter 8vo, *s 00 

Zur Nedden, F. Engineering Workshop Machines and Proc- 
esses. Trans, by J. A. Davenport 8vo, '♦2 00 
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